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FREE CONVECTION OF A LOW PRANDTL NUMBER FLUID IN 
CONTACT WITH A UNIFORMLY HEATED VERTICAL PLATE 

by 

K. S. Chang, R. G. Akins, L. Bur r i s , J r . , and S. G. Bankoff 

SUMMARY 

A f i r s t -o rde r perturbat ion analysis has been made of laminar free 
convection of an incompressible viscous fluid from a uniformly heated 
ver t ical plate with both leading and trailing edges. The method is s imilar 
to that developed for forced flow past a horizontal flat plate by Kuo,l ^) 
which uses LighthiU's technique{27) of coordinate perturbation, and was 
later applied by Yang and Jerger(56) to free convection from an isothermal 
vert ical plate. The zero th-order solution is the exact boundary "layer solu­
tion in t e rms of the s imilar i ty variable , T), given by Sparrow and GreggA* ) 
New zero th-order resul t s are presented here for Prandtl numbers (Pr) of 
0.03 and 0.01, which show that the heating effect is still appreciable even 
at T] = 20. This makes the i terative process sensitive to the guessed ini­
tial conditions. Sparrow and Gregg's solution for Pr = 0.1 was also r e ­
peated to obtain the required accuracy for the f i r s t -o rder perturbation. 
The correct ion due to the f i r s t -o rde r perturbation was then made by 
matching a boundary l imit problem for the boundary layer to an interior 
limit problem for the external inviscid flow. The f i r s t -o rder ver t ical 
velocity was obtained from a Sink-strength distribution at the plate for the 
potential flow, which in turn was based on the horizontal velocity compon­
ent at the edge of the boundary layer. Although the leading- and t ra i l ing-
edge singulari t ies a re accentuated, it is not necessary to use coordinate 
perturbat ion for the f i r s t -o rde r correct ions which appear as power se r i es 
in the ver t ica l distance variable , X, with coefficients which are functions 
of -n For P r = 0 1 and 0.03, the first ten functions were computed for both 
the velocity and tempera ture per turbat ions. The corrected velocity and 
tempera ture profiles were compared with the boundary-layer solution for 
Pr = 0 1 and 0.03 at 0 < X < 1, and at modified Grashof numbers (Gr J of 
IO'' and 10' As expected, the deviations a re more pronounced near the 
leading edge and at the lower P r and Gr^ . The effect of Gr*^ in the -ange 
from 10^ to 10' was also investigated at t hcp la t e midpoint. It was deduced 
that the boundary-layer solution and the perturbation solution at the pUte 
midpoint coincide asymptotically at Gr*^ ~ 10'° for Pr = 0.1, and at 0 for 
P r = 0.03, which conditions a re close to the transi t ion to turbulent flow. 
Extensive numerical resu l t s are presented. 



I. INTRODUCTION 

Steady, two-dimensional, laminar, free convection from a ver t ica l 
plate with uniform surface heat flux has received less attention than that 
from an isothermal plate. Very few analytical studies are available in the 
l i terature! 1S>47) On the other hand, solutions for finite, semi-infinite, and 
infinite isothermal plates are available for a wide range of Prandt l numbers. 

Although the phenomenon of laminar free convection in a fluid in 
contact with a vert ical plate can be described by the equations of motion, 
energy, and continuity, as is the case for a well-defined system, intimate 
coupling between temperature gradient and fluid motion makes the problem 
more difficult to analyze than that of the other types of flow. Usually, the 
laminar boundary-layer theory has been applied to obtain zero th-order 
solutions, which are in many cases, adequate descriptions of the physical 
phenomena. 

However, since the boundary-layer equations for laminar free con­
vection along a vert ical plate are adequate only as the Grashof number ap­
proaches infinity, it is evident that the solutions thus obtained are not 
accurate for finite or moderate Grashof numbers. This deviation can be 
clearly seen from the comparison made by Ostrach,(34) between the ex­
perimental data of Schmidt and Beckmann, (42) and the solutions obtained 
by the boundary-layer theory. The effect of Grashof number, therefore, 
must be explicitly incorporated in the equations and in the resulting 
solutions. 

Refinements of the boundary-layer solutions by incorporating the 
effect of Grashof number can be achieved by applying a perturbation method 
in which the velocity and temperature fields around the plate a re divided 
into two regions (i.e., a boundary-layer region and an inviscid or potential-
flow region), and in which the fields in the two regions are smoothly 
matched. This is an approach similar to that followed by Kuo(25) in t rea t ­
ing two-dimensional incompressible forced flow over a horizontal flat 
plate at moderate Reynolds numbers. Yang and Jerger(56) applied this 
method to laminar free convection from an isothermal ver t ica l plate for 
Prandtl numbers of 0.72 and 10, and improved Ostrach 's solutions.(34) 

The purpose of the present analysis is, therefore, to apply a s imi­
lar perturbation theory on steady, two-dimensional, laminar free convec­
tion from a finite vert ical plate having uniform surface heat flux. In the 
following sections, boundary-layer equations are derived as the zeroth-
order approximation, and the f i rs t -order perturbation equations a re 
formulated from the potential-flow theory. Both the boundary-layer equa­
tions and the f i rs t -order perturbation equations are then solved. Solutions 
to the boundary-layer equations for Prandtl numbers of 0.01 and 0 03 are 
newly obtained and added to the list of existing solutions for Prandt l 



numbers of O.I, 1, 10, and 100. The perturbation solutions are developed 
for Prandtl numbers of 0.1 and 0.03, and the resul ts are compared with 
the boundary-layer solutions. 

These low Prandtl numbers are chosen because: (l) recent develop­
ments in nuclear r eac to r s have led to significant in teres t to liquid metals , 
either as coolants in reac tors or as solvent media in pyrometal lurglcal 
p rocesses for treating nuclear fuel mate r ia l s ; and (2) the deviations from 
the boundary-layer solutions are la rger for liquids of low Prandtl numbers . 

II. REVIEW OF LITERATURE 

Free convection for a vert ical plate has been studied considerably. 
As pointed out in the introduction, most of the studies have been for i so­
thermal plates, with relatively few studies for plates with uniform surface 
heat flux. 

In 1881, L. Lorenz(29) presented, in his pioneer paper, an analysis 
for a heated ver t ical plate at uniform tempera ture in air at res t . In his 
analysis , he assumed that the tempera ture and velocity at any point depend 
only on the distance from the plate. Although oversimplified by inadequate 
assumptions, his analysis satisfied the then-existing experiments and r e ­
vealed for the f irs t time the complex nature of the heat - t ransfer coeffi­
cient by free convection. 

In 1922, Griffiths and Davis(21) determined by direct measurements 
the distribution of velocity and tempera ture close to vert ical plates in which 
the surface tempera ture was kept uniform. 

In 1928, Nusselt and Jurges(33) improved the theory and car r ied 
out the measurement of tempera ture field for a vert ical plate at IOO''C. 

In 1930, Schmidt and Beckmann(42) conducted experiments about 
three different ver t ical plates (two 12- by 25-centimeter plates, and one 
50- by 50-centimeter plate), in which velocity was measured at various 
points along the i so thermal plates by means of a quartz-fi lament anemom­
eter , and the t empera ture was measured by means of manganese-constantan 
thermocouples with wires of 0.015-mm diameter . The edges of the plates 
were smoothed either symmetr ical ly or nonsymmetrical ly. Their exper i ­
ments showed that Lorenz ' s assumptions were invalid. Schmidt and Beck­
mann set up the par t ia l differential equations for an i sothermal ver t ica l 
plate applying the-approximations of boundary-layer theory. In 1930, 
E. Pohlhausen applied a s imilar i ty method he had used in 192l(36) for the 
boundary layer on a semi-infinite flat plate paral le l to a uniform flow. 
His resu l t s , incorporated by Schmidt and Beckmann,('^2). showed how the 
par t ia l differential equation obtained by Schmidt and Beckmann could be 



t r a n s f o r m e d into o r d i n a r y d i f fe ren t i a l equa t ions wi th a s ing le i n d e p e n d e n t 
v a r i a b l e , i . e . , a s i m i l a r i t y v a r i a b l e . The P r a n d t l n u m b e r a p p e a r e d as a 
p a r a m e t e r , and five bounda ry condi t ions had to be s a t i s f i e d in the e q u a ­
t i o n s , t h r e e at the p la te and two at infini ty. B e c a u s e of the i n h e r e n t diff i ­
cu l t i e s in solving the e q u a t i o n s , P o h l h a u s e n u s e d the m e a s u r e m e n t s by 
S c h m i d t and B e c k m a n n of the n o r m a l g r a d i e n t s of t e m p e r a t u r e and v e l o c i t y 
in a i r c l o s e to a h e a t e d p la te to obta in two m o r e b o u n d a r y c o n d i t i o n s at the 
p l a t e . S t a r t i ng with the five g iven bounda ry cond i t i ons a t the p l a t e , he o b ­
ta ined a so lu t ion in s e r i e s of the equa t ions for a i r ( P r = 0.733) . (As wi l l 
be s e e n s h o r t l y , so lu t ions for v a r i o u s P r a n d t l n u m b e r s have b e e n ob t a ined 
by Schuh and O s t r a c h . ) In 1932, Schmidt(41) d e v i s e d a S c h l i e r e n m e t h o d to 
v i s u a l i z e the l a m i n a r t h e r m a l bounda ry l a y e r a r o u n d h e a t e d b o d i e s in f ree 
convec t ion . 

A l s o in 1932, King(23) c o r r e l a t e d the da t a of h i s own e x p e r i m e n t s 
and of e x p e r i m e n t s done by o t h e r s with a i r , w a t e r , a l coho l , and oil in con -

- t a c t with v e r t i c a l p l a t e s and c o m p a r e d the h e a t - t r a n s f e r b e h a v i o r of dif­
f e r e n t p la te l eng ths . 

In 1932, K imba l l and King(22) r e p o r t e d a t h e o r e t i c a l i n v e s t i g a t i o n 
b a s e d on o b s e r v a t i o n of the locus of ve loc i ty m a x i m a . 

An e x p e r i m e n t a l c o r r e l a t i o n d e r i v e d in 1934 by H. L o r e n z , ( 2 8 ) 
b a s e d on m e a s u r e m e n t s on a v e r t i c a l hot p la te in oil i s g iven by 
Schl icht ing . (40) in 1935 and 1936, Weise(54) and Saunders,( 37) r e s p e c ­
t ive ly , ob ta ined ex t ens ive da ta for s h o r t v e r t i c a l p l a t e s , w h i c h w e r e l a t e r 
c o r r e l a t e d by McAdams . (30 ) 

In 1939, Saunders (38) a l so p r e s e n t e d a p p r o x i m a t e s o l u t i o n s for a i r 
and c o m p a r e d his r e s u l t s with E . P o h l h a u s e n ' s ( 4 2 ) and S q u i r e ' s . ( 2 0 ) He 
obta ined s o m e e x p e r i m e n t a l da ta for m e r c u r y and w a t e r and a p p e a r s to 
have b e e n the f i r s t to have s tud ied f r ee convec t ion wi th a l iqu id m e t a l . 
Howeve r , the p la te he u s e d was p r e s s e d into the s u r f a c e of f i r e c l a y c o n ­
ta in ing a h e a t e r coi l and cons t i t u t ed a p o r t i o n of the wal l s u r f a c e . T h e r e ­
fo re , i t had no lead ing and t r a i l i n g e d g e s . 

Schuh (1946)(43) ex tended E. P o h l h a u s e n ' s c a l c u l a t i o n s to h igh 
P r a n d t l n u m b e r s ( P r = 10, 100, and 1000) such as e x i s t in o i l s . S c h l i c h t -
ing(40) s u m m a r i z e d the r e s u l t s . 

McAdams(30) quotes a t h e o r e t i c a l r e l a t i o n for v e r t i c a l p l a n e s d e ­
r i v e d by E c k e r t . The d e r i v e d equa t ion c o r r e l a t e d the da t a of S c h m i d t and 
B e c k m a n n for a i r , but p r e d i c t e d m u c h l o w e r r e s u l t s than c o n v e n t i o n a l r e ­
l a t ions for fluids having low P r a n d t l n u m b e r s . In 1948, E c k e r t and 
Soehnghen(8,9) used i n t e r f e r o m e t e r s to s tudy the m e c h a n i s m of f r e e c o n ­
vec t ion f r o m a hea t ed v e r t i c a l p l a t e into a i r . Schl ich t ing(40) s u m m a r i z e d 
ano the r c o m p a r i s o n be tween t h e o r e t i c a l r e s u l t s with m e a s u r e m e n t s on 
hea t ed v e r t i c a l p l a t e s r e p o r t e d in 1951 by E c k e r t and J a c k s o n . ( 7 ) 



S u g a w a r a and M i c h i y o s h i , in 1951,(^1) s tud i ed u n s t e a d y f r ee c o n v e c ­

t ion on a v e r t i c a l w a l l . 

In 1953, O s t r a c h , ( 3 4 ) s t a r t i n g f r o m the c o m p l e t e t i m e - i n d e p e n d e n t 
e q u a t i o n s for v a r i a b l e p r o p e r t i e s , d e t e r m i n e d the cond i t ions u n d e r which 
E . P o h l h a u s e n ' s e q u a t i o n s a d e q u a t e l y d e s c r i b e the p h y s i c a l p r o c e s s . T h e s e 
equa t i ons w e r e then so lved n u m e r i c a l l y for v a r i o u s P r a n d t l n u m b e r s 
( P r = 0 . 0 1 , 0 .72, 0 .733 , 1, 2, 10, 100, and 1000). The r e s u l t i n g d i m e n s i o n ­
l e s s t e m p e r a t u r e and ve loc i ty d i s t r i b u t i o n s showed how the P r a n d t l n u m ­
b e r af fec ts the shape of the c u r v e s and the r e l a t i v e t h i c k n e s s of the t h e r m a l 
and ve loc i ty b o u n d a r y l a y e r s . O s t r a c h c o m p a r e d h i s so lu t ions with the e x ­
p e r i m e n t a l da t a of Schmid t and B e c k m a n n and pointed out tha t , in g e n e r a l , 
the a g r e e m e n t was good for s m a l l v a l u e s of the s i m i l a r i t y v a r i a b l e , l e s s 
s a t i s f a c t o r y for l a r g e r v a l u e s of the s i m i l a r i t y v a r i a b l e . 

Al l the a p p r o a c h e s so far m e n t i o n e d w e r e for i s o t h e r m a l v e r t i c a l 
p l a t e s or p l a n e s . In 1956, S p a r r o w and Gregg(47) w e r e the f i r s t to an a l y ze 
l a m i n a r f r ee c o n v e c t i o n for a v e r t i c a l p la te with u n i f o r m s u r f a c e h e a t flux. 
They t r a n s f o r m e d the o r i g i n a l d i f f e ren t i a l equa t ions to o r d i n a r y d i f fe ren t i a l 
equa t i ons by in t roduc ing a new s i m i l a r i t y v a r i a b l e b a s e d on the h e a t flux 
a t the s u r f a c e of the p l a t e . T h e s e equa t ions w e r e so lved n u m e r i c a l l y to r , 
s e v e r a l P r a n d t l n u m b e r s ( P r = 0 . 1 , 1, 10, and 100), and in 1954 Dotson ' s^ ' ' ) 
e x p e r i m e n t a l da ta for a i r w e r e u s e d to ve r i fy the t h e o r y . The so lu t ions 
w e r e c o m p a r e d wi th the r e s u l t s ob ta ined by the von Ki f rman-K. P o h l h a u s e n 
m e t h o d . T h i s i s the only a v a i l a b l e r i g o r o u s a n a l y t i c a l s tudy m a d e for a 
v e r t i c a l p l a t e hav ing u n i f o r m s u r f a c e h e a t flux. 

In 1958, Siegel(44) s tud ied the t r a n s i e n t b e h a v i o r of f ree c o n v e c ­
t ion for a v e r t i c a l f lat p la te of infini te width and s e m i - i n f i n i t e length . 

S p a r r o w and Gregg (1958)(48) a n a l y z e d l a m i n a r f ree convec t ion 
f r o m a v e r t i c a l flat p l a t e hav ing a nonun i fo rm s u r f a c e t e m p e r a t u r e and o b ­
ta ined n u m e r i c a l so lu t ions for P r a n d t l n u m b e r s of 0.7 and 1.0. 

In 1956, F i n s t o n ( l 2 ) had showed that , a c c o r d i n g to the b o u n d a r y -
l a y e r t h e o r y , the p r o b l e m of f ree convec t ion p a s t a v e r t i c a l p la te h a s an 
e x a c t so lu t ion for a p la te t e m p e r a t u r e which is p r o p o r t i o n a l to a power of 
the d i s t a n c e f r o m the l ead ing edge of the p l a t e . In 1958, Footed 3) ex tended 
F i n s t o n ' s m e t h o d and ob ta ined the so lu t ion by a s y m p t o t i c e x p a n s i o n s . 
N i u m a n and P o h l h a u s e n (1958)(32) n u m e r i c a l l y e v a l u a t e d F i n s t o n ' s p a r a ­
m e t r i c equa t i ons for a i r ( P r = 0.733). 

S p a r r o w and G r e g g (1958)(49) a n a l y z e d the v a r i a b l e f l u i d - p r o p e r t y 
p r o b l e m for l a m i n a r f ree convec t ion f r o m an i s o t h e r m a l v e r t i c a l f lat p la te 
in which c o n s t a n t - p r o p e r t y a n a l y s i s and r e f e r e n c e - t e m p e r a t u r e r e l a t i o n s 
for g a s e s and l iquid m e r c u r y w e r e g iven in d e t a i l . 
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In 19 59, Fu j i i ( l4 ) appl ied a modi f ied i n t e g r a l m e t h o d for l a m i n a r 
f r ee convec t ion f r o m a v e r t i c a l flat s u r f a c e and s u p p l e m e n t e d S q u i r e ' s 
a p p r o x i m a t i o n as r e f e r e n c e d by Golds te in . (20) He a l s o a t t e m p t e d n o n i s o -
t h e r m a l s u r f a c e p r o b l e m s . In addi t ion, he a n a l y z e d t u r b u l e n t f r e e c o n ­
v e c t i o n f r o m a v e r t i c a l su r face . (15) 

In 1959, Bobco(4) ob ta ined an a p p r o x i m a t e c l o s e d - f o r m s o l u t i o n to 
the p r o b l e m of l a m i n a r f ree convec t ion on a v e r t i c a l p la te wi th the n o n u n i ­
f o r m wal l hea t flux p r e s c r i b e d by Spa r row. (48 ) 

K u t a t e l a d z e _et al^., (1959)(^^) r e v i e w e d h e a t t r a n s f e r for f r e e c o n ­
vec t i on in l iquid m e t a l s . 

In 1960, Go lds t e in and E c k e r t , ( 1 9 ) us ing a Z e h n d e r - M a c h i n t e r ­
f e r o m e t e r , s tud ied the s t eady and t r a n s i e n t - f r e e c o n v e c t i o n b o u n d a r y 
l a y e r about a un i fo rmly hea t ed v e r t i c a l p la te in w a t e r . 

Yang (1960)1-'-'/ e s t a b l i s h e d the n e c e s s a r y and suff ic ient cond i t i ons 
r e q u i r e d for the e x i s t e n c e of s i m i l a r i t y so lu t ions to the p r o b l e m of s t e a d y 
and u n s t e a d y f ree convec t ion on v e r t i c a l p l a t e s with v a r i o u s s u r f a c e t e m ­
p e r a t u r e d i s t r i b u t i o n s . 

S p a r r o w a n d G r e g g (1960)(50) s t u d i e d q u a s i - s t e a d y f r e e c o n v e c t i o n for a 
v e r t i c a l p l a t e in a gas (P r = 0.72), t o g e t h e r wi th the f i r s t - o r d e r d e v i a t i o n s . 

E i c h h o r n (1960)(10) ana lyzed the effects of b lowing and s u c t i o n on 
the f ree convec t ion flow and hea t t r a n s f e r about a v e r t i c a l i s o t h e r m a l p l a t e . 
In 1961, S p a r r o w and Cess (46) ex tended E i c h h o r n ' s a n a l y s i s on f r e e c o n ­
vec t ion f r o m a v e r t i c a l p la te with suc t ion o r b lowing to m o r e g e n e r a l t e m ­
p e r a t u r e and ve loc i ty d i s t r i b u t i o n s . 

Bay ley et a l . , (1961)(2) e x p e r i m e n t a l l y i n v e s t i g a t e d f r e e c o n v e c t i o n 
with a l iquid m e t a l in a t h e r m o s y p h o n tube . 

E l s h i n (1961)(11) p r e s e n t e d an a p p r o x i m a t e so lu t ion to a f r e e -
convec t ion p r o b l e m on a n o n i s o t h e r m a l v e r t i c a l p l ane in the f o r m of po ly ­
n o m i a l s of the fifth d e g r e e in von K a ' r m a n ' s c o r r e l a t i o n s . E l s h i n c o m p a r e d 
the r e s u l t s for P r = 1 with those of S p a r r o w and Gregg . (48 ) 

Chung and A n d e r s o n (1961)(5) a n a l y z e d the b e h a v i o r of the u n s t e a d y , 
l a m i n a r , f r e e - c o n v e c t i o n , b o u n d a r y - l a y e r e q u a t i o n s for a p l a t e p a r a l l e l to 
the a c c e l e r a t i o n field. The f i r s t - o r d e r d e v i a t i o n s of the v e l o c i t y and t e m ­
p e r a t u r e p ro f i l e s and the hea t t r a n s f e r , f r o m the q u a s i - s t e a d y s t a t e , w e r e 
compu ted for P r = 0.72. 

In 1962, Klyachko(24) a n a l y z e d the t r a n s i t i o n f r o m l a m i n a r to t u r ­
bulent flow in f ree convec t ion ove r a v e r t i c a l p l a n e . 
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Acrivos (1962)(1) showed how an approximate but accurate expres ­
sion can be obtained for the rate of heat and mass t ransfer in laminar 
boundary-layer flows by piecing together certain exact asymptotic solu­
tions. He pointed out that free convection is mathematically s imilar to 
forced convection if the velocity is replaced by a charac ter i s t ic velocity. 

Scherberg (1962)(39) investigated free convection in the neighbor­
hood of severa l types of thermal leading edges on a ver t ical wall. 

Szewczyk (1962)(52) theoretically and experimentally investigated 
the stability and transi t ion of the free-convection layer along a ver t ical 
flat plate. He observed that the cr i t ical Grashof number parameter ob­
tained experimentally was much less than the one obtained theoretically. 

Young and Yang (1962)(57) applied a perturbation analysis to exam­
ine the effect of small cross-f low and surface temperature variation on 
boundary-layer charac te r i s t i cs of laminar free convection along a vert ical 
plate. 

Gebhart (1962)(18) discussed the conditions under which the effects 
of viscous dissipation in.free convection become important, and determined 
the c r i t e r i a for isothermal and uniform surface heat flux plates. Gebhart 
(1962)(17) .also predicted the effect of viscosity on inflexion points in free 
convection. 

Menold and Yang (1962)(3l) presented exact asymptotic solutions 
. for unsteady free convection on a vert ical plate with a rb i t ra ry surface tem­

perature or heat flux variations and Prandtl number. 

Yang and Je rge r (1962)(56) formulated f i r s t -order pertuirbations 
of laminar free convection on an isothermal ver t ical plate, in which the 
calculations were made for Prandtl numbers of 0.72 and 10.0. The r e ­
sults were compared with the experimental data of Schmidt and Beckmann 
for a i r . 

This review summar izes free-convection studies on vert ical plates 
and surfaces associated either remotely or closely with the present analysis . 
Since not all these papers have direct connection with this report , those 
more directly related to the subject must be mentioned especially. 

As was mentioned previously, Pohlhausen's solution for air 
(Pr = 0.733) of the boundary-layer equations, based on the experimental 
data of Schmidt and Beckmann,(42) was extended by Schuh(43) to Prandt l 
numbers of 10, 100, and 1000. Ostrach(34) perfected the analysis of the 
boundary-layer equations for an isothermal vert ical plate and numerically 
solved the equations for various Prandtl numbers of 0.01, 0.72, 0.733, 1, 2, 
10, 100, and 1000. The comparison of the solutions with the detailed 
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experimental data of Schmidt and Beckmann for air revealed that the ex­
perimental local velocity profiles, when properly nondimensionalized, do 
show significant and consistent deviations from the theoretical curve of 
the boundary-layer theory. As Ostrach pointed out, the deviations vary 
according to the distance from the leading edge of the plate. This led to 
the refinement of solutions by Yang and Jerger(56) in which the f i r s t -o rder 
perturbations for the velocity and temperature fields have been calculated 
for Prandtl numbers of 0.72 and 10. The method used was s imilar to that 
applied by Kuo (1953)(25) on the forced flow of an incompressible viscous 
fluid past a horizontal flat plate at moderate Reynolds numbers . 

For vertical plates with uniform surface heat flux. Sparrow and 
Gregg,(47) introducing a new similarity variable based on a modified local 
Grashof number, transformed the boundary-layer equations to ordinary 
differential equations and obtained numerical solutions for Prandtl numbers 
of 0.1, 1, 10, and 100. However, solutions are not available for Prandtl 
numbers less than 0.1 (for free convection with liquid metals) . The p r e s ­
ent analysis therefore supplements the solutions for this range and refines 
them further by using a perturbation method. 



III. ANALYSIS 
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A. Basic Equations of the Problem 

This repor t will t r ea t the problem of steady, two-dimensional, lam­
inar, free convection in an incompressible viscous fluid from a uniformly 
heated ver t ical plate, with both leading and trailing edges, by starting from 
the complete equations of motion, energy, and continuity. The rectangular 
Cartesian coordinate system is adopted as shown in Fig. 1. The origin is 
located at the leading edge of the plate, and the plate itself is defined by 
0 £ X S L and y = 0. Here, the lines of force of the gravitational field a re 
chosen to be paral le l to the x-coordinate. The direction of the y-coordinate 
is chosen so that the system, when rotated 90 degrees clockwise, represents 
the conventional complex plane. The complete and exact equations of motion, 
energy, and continuity(3) will be given in tensor notation: 

ItJ v \ 

(1) 

(2) 

^ x / . V J ^) . = 0; (3) 

Gravity 
Field 

where p is density, t time, V •̂  velocity vector, p p ressure , gi body force 
vector per unit mass , Cv heat capacity at constant volume per unit mass , 
T absolute temperature , qj heat flux vector, v volume per unit mass , 

and ItJ component of s t r ess tensor. Comma 
X notation represents covariant differentiation, 
T and the summation convention is employed. 
I Equations (1) through (3) represent a system 

of five equations, and no exact solutions a re 
possible or known. Simplication from a phys­
ical viewpoint is, therefore, necessary. For 
the two-dimensional steady-state case, all the 
time-dependent t e rms vanish, and the three 
equations represented by Eq. (1) reduce to two. 

In free convection, the important t e rm 
is that of body force which gives buoyancy to 
generate free convection. Therefore, pgi in 
Eq. (I) will be expanded in Taylor ser ies in 
T about some reference temperature T*: 

Plate 

Pgi = P*g 

Figure 1. Plate Coordinates p * g i - p*|3*gi ( T - T * ) + . . . , (4) 
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where p* and p* represent the density and the coefficient of thermal expan­
sion, respectively, at reference temperature. Generally speaking, density p 
is a function of p ressure p and temperature T. However, the assumption of 
incompressible fluid rules out p ressure dependency. The bulk temperature , 
T^, far from the plate is usually taken as the reference tempera ture , and the 
t ransport propert ies a re therefore evaluated at this tempera ture . However, 
when all the t ransport propert ies , including density, a re assumed to be con­
stant in Eqs. (1), (2), and (3) (except in the pgi term), these proper t ies evalu­
ated at temperature T,̂  do not necessari ly describe the physical phenomenon 
precisely. The question a r i ses , therefore, as to the most appropriate refer­
ence temperature at which to evaluate the physical proper t ies . One possibil­
ity is a reference temperature determined from a variable fluid-property 
analysis, such as the one by Sparrow and Gregg.('*9) For simplicity, the 
as ter i sks in Eq. (4) will be removed with the understanding that all the t rans­
port propert ies take such constant values. 

For incompressible Newtonian fluids with constant t ranspor t 
propert ies: (45) 

(5) 

(6) 

(7) 

where k and jj. are thermal conductivity and viscosity, respectively. 

With the more familiar notation of the Cartesian coordinate system, 
Eqs. (1), (2), and (3) for the steady two-dimensional case with body force 
parallel to the x direction, simplify by virtue of Eqs. (4), (5), (6), and (7) to 

/ Su , Su'\ Sp / â u Ŝ uN 
' ^ r H - ^ " a 7 ] = - a l ^ n ^ + ^ ) - P g + P g / 3 ( T - T j ; (8) 

^ / dv , Sv \ Sp / b^v S^v\ 

v;r 

^r 
K.r 

0; 

-k T'J; 
.J 

-MV/j 

Jy 

u ^ + v f ^ = a ^ + ^ U _ £ L a, . no) 

Su Sv _ 
s l ^ s 7 ' (11) 
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w h e r e u and v a r e the v e l o c i t y c o m p o n e n t s in the x and y d i r e c t i o n s , 
r e s p e c t i v e l y ; a i s t he t h e r m a l d i f fus iv i ty , k / ( C p p) (Cy i s r e p l a c e d by Cp, 
h e a t c a p a c i t y a t c o n s t a n t p r e s s u r e p e r un i t m a s s ) ; and 0 ^ i s the d i s s i p a t i o n 
funct ion . H e r e , g i i s r e p l a c e d by g, the g r a v i t a t i o n a l a c c e l e r a t i o n , and 
gi = -g-

F o r f lu ids s u c h a s l iqu id s o d i u m , m e r c u r y , g a s e s a t o r d i n a r y t e m ­
p e r a t u r e s , w a t e r , and v i s c o u s s i l i c o n e s , the v i s c o u s d i s s i p a t i o n i s u s u a l l y 
n e g l i g i b l e in l a m i n a r f r e e c o n v e c t i o n . ( l ^ ) The t e r m ji ^^/{Cpp) i s , t h e r e ­
f o r e , r e m o v e d f r o m Eq . (10) w i thou t any f u r t h e r c o n s i d e r a t i o n . 

E q u a t i o n (11) i m p l i e s the e x i s t e n c e of a s t r e a m funct ion f s u c h tha t 

(12) 
' Sx -f^; 

w h e r e t he s u b s c r i p t s d e n o t e p a r t i a l d i f f e r en t i a t i on . 

T h e b o u n d a r y c o n d i t i o n s a s s o c i a t e d wi th t he p r e s e n t p r o b l e m a r e : 

ST 
a t y = 0 and O S x ^ L : u = v = 0, q = - k -r— 

") 

a t y -» ' u - 0 , V - 0 , T 

y=0 

1 (13) 

w h e r e q is the h e a t f lux a t t he s u r f a c e of the p l a t e , and Poo i s the s t a t i c p r e s ­
s u r e of t he u n d i s t u r b e d e n v i r o n m e n t . 

If t he fo l lowing d i m e n s i o n l e s s q u a n t i t i e s a r e , i n t r o d u c e d : 

y = ^ 
L ' 

G r * v' 

( P - P , . C ) L ' 

7 / G r f / = P 

e = 
( T - T c o ) k 

q L 
Gr* ' /5_ 

ay Gr*^v 

G r * 

bf 

G g L ^ 

v'^Gi *4/5 

L q. 
k v^ 

V L 

35 G r * v 

X =1S, Y = G r * ' / 5 y_ '? = Gr^ <4/5 ,T . 

(14) 

(15) 

(16) 

(17) 
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where L is the height of the plate, f a dimensionless s t ream function, P 
the dimensionless pressure , G the dimensionless gravitational acceleration, 
6 the dimensionless temperature, V the kinematic viscosity, u and v the 
dimensionless velocities, and Grt the modified Grashof number based on L. 
Then Eqs. (8), (9), and (10) are transformed, respectively, to: 

*Y*XY -^X'^YY = - PX + Gr*^"'̂ = Y.XXY + *YYY - G + Q = (1^) 

p *-2/5 / y w + V W ) - _ P - Gr*"*/^ T - Gr*"^/=T : 

u r ^ ^-*Y*XX *X*XY'^ Y L XXX L ''XXY' 

(19) 

^Y^X - ' ' ' X Q Y = P I - " ' (Gr^-2/= Oxx + ^ Y Y ) : (20) 

where the subscripts denote partial differentiations with respect to the vari­
ables indicated. For example, ^XXY = (S^5')/( Sx^d Y), and Pr is the Prandtl 
number of the fluid under consideration. The second transformation of the 
coordinate system from the x, y - s y s t e m to the X, Y-system brought the 
order of magnitude of Y to that of X. This is based on the knowledge (from 
the boundary-layer solutions) that the ratio y/x is of the order of magnitude 
of Gr-jJ" ' , as is seen from Sparrow and Gregg's solution.'47) The function 
¥ is also introduced in such a manner that TyA-'^x) " u/(Gr*'^^ v). 

B. Formulation of Perturbation Equations 

To solve Eqs. (18), (19), and (20) by a perturbation method, it is a s ­
sumed that the function ¥, the pressure P, and the tempera ture 0 can be ex­
panded in a small constant parameter £: 

¥ = y(°) + e ?( ') + e2y(2) ^ _ . ^21) 

P = p(°) -1 e p(i) + e^ p(2) -̂  . . . ; (22) 

e = 9(°) + e e (0 -f £2 e(2) + ... , (23) 

In free convection, the fundamental boundary-layer concept is that 
all effects due to the velocity and temperature fields take place inside a 
narrow region along the solid surface outside of which these effects a re 
ignored. As will be seen in Section D, the horizontal velocity at the edge of 
the boundary layer does not vanish, and this indicates that the flow exists 
outside of the boundary layer. The flow field exterior to the plate, therefore, 
may be subdivided into two regions: a boundary-layer next to the plate, and 
a region outside the boundary layer. This subdivision of flow field is analo­
gous to that m the problem of an equivalent forced flow along a plate but dif­
ferent from it only in that the surrounding fluid is at res t in free convection. 
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If the viscous effects take place inside the boundary layer alone, the flow 
outside this layer is essentially frictionless and irrotat ional , and therefore 
can be called inviscid or potential flow. Then the problem can be divided 
into a "boundary l imit problem" for the boundary layer, and an "interior 
limit problem" for the external inviscid flow. Joining a solution of the in­
ter ior l imit problem at y = 0 to that of a boundary limit problem at ~ = co is 
well known.(35) The boundary-layer solution can then be taken as the zeroth-
order approximation, and the solution matched with that of potential flow can 
be taken as the f i r s t -o rde r approximation. To do this, the two fields must 
join smoothly. This means that the horizontal velocity properly nondimen­
sionalized in the potential-flow field [which is 0(e), according to the se r ies 
expansion in the parameter e], must be equal to that of the viscous flow field 
at the edge of the boundary-layer, which is 0(Gr | j" '") . Therefore, Gr^" ' '^ 
will be taken as the parameter e in the ser ies expansions. 

When this definition of e , together with the expansions of '?, P, and 
6. is substituted in Eqs. (18), (19), and (20), and the coefficients of like 
powers of e a re equated, the following sets of equations resul t (according 
to the order of perturbation). However, the order greater than or equal to 2 
will not be given here . 

The zero th-order perturbation equations a re : 

m(o)™(o) _ ,^(0)^(0) = . p(o) ^ ,̂ (o) _ Q ^ Q(O) (24) 
Y XY X YY X YYY 

- p ( ° ) = 0; (25) 

'p(°)«(°) . ^p(°)0(°) = — e(°) (26) 
Y X X Y P r YY 

The f i r s t -o rde r perturbation equations a re : 

MM + w(i)w(") - w(°)w(i) - Y(I)Y(°) = - p y - F ¥ l ' ' 
^Y *XY *Y *XY *X *YY X ^YY X "̂  YYY 

(27) 

- p ( 0 = 0; ' (28) 

T(.°) e(̂ ) + ?§) 4°) - 4°) B^^ - 4 ^ 9 ? = F-r 4Y • ('̂ ^ 

C. Zeroth-Order Solutions 

Equation (25) implies that the zero th-order p r e s s u r e gradient exists 
only in the x-direct ion. Then for a ver t ica l plate, P ^ ' = - G; i.e., the zeroth 
order p r e s s u r e gradient in the x-direct ion is due solely to the weight of the 



f luid. E q u a t i o n s (24) and (26), wi th P ^ ) = - G, a r e ev iden t ly the e q u a t i o n s 
of the b o u n d a r y - l a y e r type . The fol lowing new v a r i a b l e s a r e i n t r o d u c e d : 

•n = Y / ( 5 X ) > / ^ (3 0) 

Y ( ° ) = (5X)"/= F(r)); (31) 

e(°) = (5X)^/= 0 (T)); . - , • " (32) 

w h e r e T] i s a s i m i l a r i t y v a r i a b l e , and F(r)) and 0 (T) ) a r e the func t ions of 
T) a lone . E q u a t i o n s (24)and (26) can be then t r a n s f o r m e d into the fol lowing 
p a i r of o r d i n a r y s i m u l t a n e o u s d i f f e ren t i a l equa t ions : 

F ' " + 4 F F " - 3 F '^ -f 0= 0; (33) 

0 " + 4 P r F 0' - P r F ' 0 = 0 ; (34) 

w h e r e the p r i m e s denote d i f f e ren t i a t ions wi th r e s p e c t to r). The b o u n d a r y 
condi t ions given in Eq. (13) b e c o m e 

F(0) = F ' (0) = 0, 0r(O) = - 1 , F'(co) = 0(oo) = 0. (35) 

But T]= Y ( 5 X ) " ^ / = = ( y / x ) ( G r * / 5 ) ' / ^ w h e r e Gr* , the mod i f i ed l o c a l 
G r a s h o f n u m b e r b a s e d on x is equa l to g|Sx q / k v . E q u a t i o n s (33) and (34), 
sub jec t to the bounda ry condi t ions in Eq. (35), can then be iden t i f i ed a s the 
b o u n d a r y - l a y e r equa t ions , for a v e r t i c a l p la te wi th u n i f o r m s u r f a c e h e a t 
flux, d e r i v e d by S p a r r o w and Gregg.(47j ,r T h i s i n d i c a t e s tha t the b o u n d a r y -
l a y e r equa t ions deve loped by t h e s e a u t h o r s can be t a k e n a s the z e r o t h - o r d e r 
a p p r o x i m a t i o n . S p a r r o w and Gregg(47) have so lved E q s . (33) and (34) nu­
m e r i c a l l y for P r a n d t l n u m b e r s of 0 .1 , 1, 10, and 100. Unfo r tuna te ly , the 
t a b l e s w e r e not a v a i l a b l e for the p r e s e n t a n a l y s i s , in wh ich the m a i n i n t e r e s t 
i s for the c a s e of low P r a n d t l n u m b e r s inc luding 0 . 1 . The re fo re ' , n u m e r i c a l 
c a l c u l a t i o n s w e r e c a r r i e d out on an IBM 704 to e s t a b l i s h the t a b l e s of the 
funct ions for t h e s e P r a n d t l n u m b e r s us ing the g u e s s e d i n i t i a l cond i t i ons for 
F"(0) and 0(0) g iven by S p a r r o w and Gregg.(^^77 In add i t ion , new so lu t ions 
for P r a n d t l n u m b e r s of 0.01 and 0.03 w e r e a l s o ob ta ined . S ince only t h r e e 
of the five bounda ry condi t ions a r e given a t T) = 0, g u e s s e s had to be m a d e 
for F"(0) and 0(0) which sa t i s fy F'(co) = Q and (f) {^) = 0 a f te r the c a l c u l a t i o n s 
have b e e n c a r r i e d out. Th i s i t e r a t i v e p r o c e s s r e q u i r e s e x t e n s i v e t i m e in 
obta in ing the re f ined so lu t ions . Th i s i s e s p e c i a l l y so for P r a n d t l n u m b e r s 
l e s s than 0.1 b e c a u s e the P r a n d t l n u m b e r h a s a p r o n o u n c e d effect upon the 
funct ions and d e r i v a t i v e s , and t h e r e f o r e , a long t i m e i s r e q u i r e d to p e r f o r m 
a s ing le o p e r a t i o n of ca lcu la t ion . The m a j o r p a r t of the c a l c u l a t i o n s w a s 
c a r r i e d out by AIDE 1 Subrou t ine ob ta inab le f r o m the SHARE p r o g r a m . 
The s t ep s i ze of 0,01 for T) was used th roughou t , and no o s c i l l a t i o n w a s ob­
s e r v e d even wi th a P r a n d t l n u m b e r of 0 .01 , To be a s s u r e d of the a c c u r a c y 

t i n t h e i r n o m e n c l a t u r e , - 9 i s equa l to the p r e s e n t 0 . ' 
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of the r e s u l t s , t he so lu t i ons thus ob ta ined w e r e c o m p a r e d wi th the c u r v e s 
of t he known so lu t i ons of S p a r r o w and G r e g g , and w e r e found to be in good 
a g r e e m e n t . The a c c u r a c y of the f i r s t - o r d e r p e r t u r b a t i o n so lu t ions depends 
e n t i r e l y upon tha t of the z e r o t h - o r d e r so lu t i ons (as wi l l be s e e n in Sec t ion D 
below) and the i n t e g r a t e d v a l u e s a t l a r g e r ] w e r e found to be qui te s e n s i t i v e 
to s m a l l c h a n g e s in the g u e s s e d in i t i a l cond i t i ons . T h e r e f o r e , s m a l l i n c r e ­
m e n t s in the i t e r a t i v e p r o c e s s w e r e n e c e s s a r y for low P r a n d t l n u m b e r s . 
T h i s h igh a c c u r a c y would not have been n e c e s s a r y if the b o u n d a r y - l a y e r 
so lu t i ons a lone w e r e to be obta ined . The funct ions and d e r i v a t i v e s a s s o c i a t e d 
wi th the z e r o t h - o r d e r so lu t ions for v a r i o u s P r a n d t l n u m b e r s a r e l i s t ed , for 
r e f e r e n c e , in Append ix I. 

The d i m e n s i o n l e s s ve loc i t y and t e m p e r a t u r e d i s t r i b u t i o n s of the 
b o u n d a r y - l a y e r so lu t i ons for v a r i o u s P r a n d t l n u m b e r s can be ob ta ined a c ­
co rd ing to the fol lowing equa t ions : 

V 

F ' ( T ] ) ; ( 3 6 ) 
^ G r * \ 2 / 5 

5 1 - ^ ) 
5 / 

Too 0 ( T ) : 

0 ( 0 ) * 
(37) 

w h e r e 0(0) i s the va lue a t T) = 0, and Tw i s the s u r f a c e t e m p e r a t u r e of the 
p l a t e . The d i m e n s i o n l e s s ve loc i ty and t e m p e r a t u r e d i s t r i b u t i o n s thus ob­
ta ined for P r a n d t l n u m b e r s of 0 ,01 , 0.03, 0 .1 , 1, 10, and 100 a r e shown in 
F i g s , 2 and 3, r e s p e c t i v e l y . The dot ted l i nes a r e for P r a n d t l n u m b e r s of 
0 .1 , 1, 10, and 100, and a r e the r e p r o d u c t i o n of S p a r r o w and G r e g g ' s so lu ­
t ions on an IBM 704 wi th AIDE 1 p r o g r a m . The so l id l i n e s r e p r e s e n t two 
new so lu t ions of the b o u n d a r y - l a y e r equa t ions for P r a n d t l n u m b e r s of 0.01 
and 0.03, 

D, F i r s t - O r d e r So lu t ions 

A s Lighthi l l (27) and Kuo(25) po in ted out, the z e r o t h - o r d e r so lu ­
t ion to a n o n l i n e a r d i f f e ren t i a l equa t ion m a y con ta in a s i n g u l a r i t y a t an 
i s o l a t e d point or on a l ine wi th in the d o m a i n of i n t e r e s t . Then the 
s i n g u l a r i t y wi l l a p p e a r a g a i n a t the s a m e loca t i on in the r e s t of the 
s u c c e s s i v e a p p r o x i m a t i o n s , and it wi l l b e c o m e m o r e a c c e n t u a t e d a s the 
o r d e r of the so lu t ion i n c r e a s e s . Consequen t ly , the c l a s s i c a l s i n g u l a r 
p e r t u r b a t i o n m e t h o d fa i l s to give a va l id so lu t ion n e a r the s i n g u l a r 
po in t s ; i . e . , the so lu t ion i s not un i fo rmly va l id over the e n t i r e d o m a i n of 
i n t e r e s t . To o v e r c o m e th i s diff iculty, L i g h t h i U ' s t e chn ique , u sua l l y known 
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Figure 2. Dimensionless Velocity Distributions for Various Prandt l Numbers 



Figure 3. Dimensionless Temperature Distributions for Various Prandt l Numbers 
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a s the P L K m e t h o d ( P o i n c a r e - L i g h t h i l l - K u o m e t h o d ) ' ' m u s t be app l i ed . 
In th is m e t h o d , the dependen t v a r i a b l e s and the i ndependen t v a r i a b l e s a r e 
expanded in power s e r i e s of the c o n s t a n t p a r a m e t e r ( c o o r d i n a t e p e r t u r b a t i o n 
or c o o r d i n a t e s t r e t c h i n g ) . 

S ince the z e r o t h - o r d e r so lu t ions ( i . e . , the b o u n d a r y - l a y e r so lu t ions in 
Sec t ion C above) a r e s ingu la r in the l ine x = 0, th i s i s r e a l l y the c a s e wi th the 
p r e s e n t p e r t u r b a t i o n so lu t ions . On the o the r hand, the p r o p a g a t i o n and a c ­
cen tua t ion of s i n g u l a r i t y on the p r e s e n t f i r s t - o r d e r p e r t u r b a t i o n s m a y not be 
suff icient ly s e r i o u s to i nva l ida t e the so lu t ions c o m p l e t e l y . The p e r t u r b a t i o n 
m e t h o d without c o o r d i n a t e s t r e t c h i n g i s then suff ic ient ly va l id ove r the en t i r e 
d o m a i n w h e r e the i m m e d i a t e ne ighborhood of the s i n g u l a r po in t s i s excluded. 
A s w a s shown by Yang and J e r g e r ' - ' " ' for the i s o t h e r m a l p l a t e , and a s wi l l 
be seen in the r e s u l t of th i s a n a l y s i s , th i s i s a l s o the c a s e wi th the p r e s e n t 
p e r t u r b a t i o n so lu t ions . M o r e spec i f i ca l ly , if the f i r s t - o r d e r equa t i ons a r e 
c o n s t r u c t e d f r o m poten t ia l - f low theo ry , the r e s u l t i n g so lu t ions g ive f ini te 
v a l u e s of a v e r a g e s u r f a c e s h e a r s t r e s s and a v e r a g e h e a t t r a n s f e r . This i m ­
p l i e s tha t the accen tua t i on of the f i r s t - o r d e r s i n g u l a r i t y i s suf f ic ient ly weak. 
Howeve r , such a t echn ique is def ini te ly r e q u i r e d in f o r m u l a t i n g the h i g h e r -
o r d e r a p p r o x i m a t i o n s involving the s econd- or h i g h e r - o r d e r p e r t u r b a t i o n s . 

The f i r s t - o r d e r p e r t u r b a t i o n so lu t ions wi l l be d e t e r m i n e d on the bas i s 
of po ten t ia l - f low theo ry . If a d i m e n s i o n l e s s ve loc i ty U is def ined a s Yy. then 
f r o m Eq. (21), by v i r t u e of the d i m e n s i o n l e s s quan t i t i e s p r e v i o u s l y defined in 
E q s . (14)-(17), 

( V / L ) Gr*2/5 
j(°) + e u ( ' ) + e2u(^) + . . . . ' (38) 

S i m i l a r l y , the c o r r e s p o n d i n g ve loc i ty V can a l s o be w r i t t e n : 

M + r v ( l ) -f f-2v(2) 
( V / L ) G r f / 5 

JLJ 

+ £ V ^ ' ' -f e'^V^^'' + . . . . (39) 

Accord ing to the b o u n d a r y - l a y e r so lu t ions , if t h e s e d i m e n s i o n l e s s ve loc i t i e s 
a t the ou te r edge of the b o u n d a r y - l a y e r a r e denoted by Ug and Vg, it m a y 
be shown that^ Ug a p p r o a c h e s z e r o but Vg tends a s y m p t o t i c a l l y to 
- 4 G r | ^ ' =(5X) ' ^F('=<'), w h e r e F(oo) is the a s y m p t o t i c va lue of the funct ion 
F(7)) a t the edge of the b o u n d a r y - l a y e r and is of the o r d e r of uni ty . Th i s 
b o u n d a r y - l a y e r induced ve loc i ty , Vg, p r o v i d e s the n e c e s s a r y m e a n s of f o r ­
mu la t i ng the po ten t i a l - f low so lu t ions and m a k e s p o s s i b l e the s m o o t h joining 
of the so lu t ions to those of the b o u n d a r y - l a y e r t h e o r y . Since Vg is of the 
o r d e r of Gr-^-^'^ the choice of GrL" '^^ ^^ ^-^^ c o n s t a n t p a r a m e t e r e is 
jus t i f i ed . 
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For X < 0, Vg = 0. For 0 < X < 1. Vg takes the asymptotic value 
-4 e(5X)" '^F(°°). In the wake region above the trailing edge of the plate, 
no exact boundary condition can be imposed. As long as laminar flow per­
s is ts in the wake region, however, the wake may be replaced by the flow lines 
paral le l to the plate with a discontinuity in the inclination at the trailing edge. 
Then Vg = 0 for 1 < X <• oo. This assumption approximates the real situation 
since Vg is very small at the trailing edge just before undergoing the dis­
continuity, and the flow behavior at locations below the trailing edge will be 
little affected by imposing this boundary condition. On the X-axis, therefore: 

V„ =< e4(5X)-'/=F(oo), 

0, 

for X < 0; 

for 0 £ X £ I; 

for 1 < X £ « 

(40) 

If the dimensionless velocities in the potential-flow field a re denoted by Up 
and Vp, they can be expanded as power ser ies in the parameter e after 
Eqs. (38) and (39): 

Up = e u ( ' ) (X, y) -I- . , 

Vp = e v ( ' ) (X.y) -̂  . . . . 

(41) 

(42) 

F r o m the potential-flow theory for a line sink with nonuniform sink strength 
along 0 < X < 1, the f i r s t -order potential velocities which vanish at infinity 
a re then, as a resul t of Eq. (40): 

u(0(X,y)-iv(^)(X,y) = - l i : S 
TT 5 17? C ' ^ ^ ( z - C ) ' 

(43) 

where z = X -(- i y, and ^ is the variable along the integrating path. The 
present in teres t is to find U^ ' , which is U^'' (X, y) at the plate, according to 
the technique of joining the solution of the interior limit problem at y = 0 to 
that of the boundary limit problem at the edge of the boundary layer. It is 
therefore sufficient to obtain U^'' (X, 0), the real part of the integral with 
z = X (Ref. Appendix II). This is then expressible in a convergent ser ies of 
X valid for 0 < X < 1: 

u(0(x,o)=iLEW s- y 
TTC 5^11/5 Z-. 71 (5X)' 

j jm-l- i /5 

5 m + 1 
(44) 

where 
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E 1 
(5 m -h 1) I 5 m I ;5 m + 1)(5 m -I- 4) 

0.864806 (45) 

Note that V ^ ' i s s i n g u l a r a t the l ead ing edge but i s f in i te w i th d i s ­
cont inu i ty a t the t r a i l i n g edge , w h e r e a s Ufe'' i s s i n g u l a r a t bo th e d g e s . 

Now the funct ions P^^', ' f ' ' ) , and 6^ ' ' wi l l be d e t e r m i n e d . E q u a t i o n (2f 
shows -that t h e r e is no f i r s t - o r d e r p r e s s u r e g r a d i e n t in the Y - d i r e c t i o n . 
F r o m t h i s , t o g e t h e r wi th B e r n o u l l i ' s equat ion , the f i r s t - o r d e r p r e s s u r e i s 
now: 

.(0 1 
:(vij)r (46) 

This shows tha t the f i r s t - o r d e r p r e s s u r e i s one o r d e r h i g h e r , wi th r e s p e c t 
to the p a r a m e t e r e, than the c o r r e s p o n d i n g ve loc i t y f ield. T h e r e f o r e , P^^' 
can be de l e t ed f r o m the f i r s t - o r d e r p e r t u r b a t i o n e q u a t i o n s . T h i s s i tua t ion 
d i f fe r s f r o m tha t of a c o r r e s p o n d i n g f o r c e d flow p r o b l e m , in which the f i r s t -
o r d e r p r e s s u r e i s of the o r d e r of U^' ' wi th r e s p e c t to e . F r o m the power 
s e r i e s expans ion of * in Eq. (21), and f r o m the, s i m i l a r e x p a n s i o n of U in 
Eg (38) which is a d i r e c t r e s u l t of the def in i t ion U 
u ( 0 = yy)^ and a t the edge of the b o 
T ( I ) and 6'^/ be expanded as fol lows 

^ y , i t i s c l e a r tha t 
u ( 0 = yy)^ and a t the edge of the b o u n d a r y l a y e r u ( 0 = V ( ' ) . T h e r e f o r e , l e t 

^(i) ^ 20 F(°°) 
S foo(^) z Xm-Fl/5 

5,m -f 1 (V) (47) 

9(0=ii£H(5^)-3/5 s eoo(T)) 1 Xni+1/5 

5 m 4- 1 em(^) (48) 

w h e r e igg, fm, Soo. and S m a r e funct ions of r) a lone , and r) i s def ined by 
Eq. (30). When E q s . (47) and (48) a r e subs t i t u t ed in the f i r s t - o r d e r p e r t u r ­
ba t ion equa t ions , n a m e l y , E q s . (27) and (29), the fol lowing s e t s of o r d i n a r y 
d i f f e ren t i a l equa t ions a r e obta ined a f te r s o m e d i f f e r e n t i a t i o n s and 
m a n i p u l a t i o n s : 

i'oo + 4 F ill, 

P r 

(49) 
TT- 9 00 + 4 F -F 3 F ' - 0 tio 
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C + 4 F f;; - (5 m + 3) F ' f;̂  + (5 m + 1) F" fm + ^ ^ = 0-

1 
P r 

-F 4 F e ;^ - (5 m - 2) F ' e ^ - 0f' -1 (5 m -11) 0' f^ = 0; 
(50) 

m ' -̂  ^ m 

where m = 0, 1, 2, . . ., and the pr imes denote the differentiations with r e ­
spect to T). These equations a re to be solved subject to the following 
boundary conditions: 

foo(o) = fio(o) = eio(o) = 0, 
(51) 

fio(°=) = 1. eoo('=°) = 0; 

and 

t m ( 0 ) = t m ( 0 ) = e U O ) = 0. 
(52) 

fm(-) = l . e m ( - ) = 0-

The solutions to Eqs. (49) and (50) have been obtained numerically on an 
IBM 704 for Prandt l numbers 0.1 and 0.03. These Prandt l numbers were 
chosen because the resul ts for 0.1 could easily be compared with the 
boundary-layer solution obtained by Sparrow and Gregg, (47) and the Prandtl 
number 0.03 is the-.ap-proximate value for mercury , a typical liquid metal. 
As with the zero th-order solutions, since only three of the five boundary 
conditions a re given at T) = 0, the guesses had to be made for foo(O) and Soo(O) 
in Eqs. (49), and for fm(0) and em(0) i" Eqs. (50). Equations (49) and (50) 
a re strongly dependent on the solutions of the zero th-order equations since 
the zero th-order functions appear as coefficients in these equations. This 
required the extremely refined solutions of the zeroth-order equations. 
These solutions were then regenerated within the computer for a given r) and 
fed into the p rogram designed to solve Eqs. (49) and (50). The values of 
F"(0), 0(0), F(OO), foo(O), eoo(O). tm(0). and em(0) associated with the solutions 
of Eqs. (49) and (50) for Prandt l numbers of 0.1 and 0.03, subject to the 
boundary conditions in Eqs. (35), (51), and (52), a re listed in Table 1. The 
values of m were taken from zero to 10 inclusive. No further calculations 
were ca r r i ed out for m la rger than 10 since sufficiently accurate resul ts 
were determined by the f irs t 11 t e r m s in the se r ies . (Additional t e rms 
would be required for calculation of tempera ture profiles at X S" 0.95 because 
of slow convergence.) The behavior of the functions i'ooiv) obtained by solving 
Eq. (49) for the two different Prandt l numbers is shown in Fig. 4. The be­
havior of the functions 9gg{r}) for the two corresponding Prandt l numbers is 
shown in Fig. 5. The functions foo('n) and SOO(T]) contribute to the first t e rms 
in the f i r s t -o rde r velocity and tempera ture perturbations, respectively. The 
functions i'miv) and Srn(''l) contributing subsequent 11 t e rms in the f i r s t -o rder 
per turbat ions for a Prandt l number of 0.1 a r e plotted in Figs. 6 and 7, r e ­
spectively. Figures 8 and 9 descr ibe the behavior of the same functions 
f' (n) and 0rn('l) i°^ a Prandt l number of 0.03. 
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Table 1 

VALUES OF VARIOUS FUNCTIONS AND DERIVATIVES 
FOR THE FIRST-ORDER PERTURBATIONS 

0.1 0.03 

1.64342 2.46499 

2.75070 4.19766 

1.53039 3.11498 

• -0.526807 -0.773575 

-1.06848 -1.38641 

-3.86577 X 10"' -5.46359 x 10"' 
-1.18367x10"' -1.47089x10"' 
-4.86292x10"^ -5.70665x10"^ 
-2.32665x10"^ -2.67592x10"^ 
-1.22866 X 10"^ -1.40921 x 10"^ 
-6.96083x10"^ -8.02305x10"^ 
-4;i576l X 10"^ -4.83118 x 10"^ 
-2.58795x10"^ -3.03542x10"^ 
-1.66527x10"^ -1.97215x10"^ 
-1.10123 X 10"^ -1.31675 X 10'^ 
-7.45137x10"* -8.99357x10-* 

-7.73921 X 10"' -1.00429 
-2.42240x10"' -3.18972x10"' 
-1.06975x10"' -1.42903x10"' 
-5.52578 X 10"2 -7.4661 7 x 10"^ 
-3.12900x10-2 -4.26954x10"" 
-1.88430 X 10"" -2.59479 x 10"" 
-1.18675 X 10-" -1.64876 x 10"" 
-7.73663 X 10"^ -1.08425 x 10"" 
-5.18498 X 10"2 -7.32919 x 10"^ 
-3.55503 x 10-3 -5.06800 x 10"^ 

m = 1 0 -2.48479x10-3 -3.57200 x 10'^ 

P r 
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Figure 4. Function foo('n) 
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F i g u r e 5. F u n c t i o n OQQ(TJ) 



Figure 6. Function f^(r)) for P r = 0.1 



Figure 7. Function ^•^^{'n) tor ^'^ = 0-1 



Figure 8. Function i'^('n) for P r = 0.03 



F i g u r e 9. F u n c t i o n 8.^{T^) for P r = 0.03 



33 

IV. N U M E R I C A L R E S U L T S OF P E R T U R B A T I O N SOLUTIONS 

The d i m e n s i o n l e s s v e l o c i t y a n d t e m p e r a t u r e d i s t r i b u t i o n s of p e r ­
t u r b a t i o n s o l u t i o n s a r e c a l c u l a t e d a c c o r d i n g to t he e q u a t i o n s d e v e l o p e d 
a s f o l l o w s . 

When E q . (21) i s d i f f e r e n t i a t e d w i t h r e s p e c t to Y, 

^^ = Y^) + e^W + , (53) 

T h e n , f r o m E q . (36 

Yv = U = 
i i G r * " / 5 
Ll J-* 

(38) 

F r o m the de f in i t ions of^(°) and f ( ' ) g iven in E q s . (31) and (47), i t m a y be 
shown t h a t 

¥(°) = U(°) = F'(T))(5X)3/5, (54) 

a n d 

J i ) _ , . ( ! ) _ _ 2 0 _ F H 
*Y - U^ ^ - ^ ( 5 x ) i / ^ s -̂(̂ )" ZT^;m^-(^) (55) 

Subs t i tu t ing E q s . (38), (54), and (55) in E q . (53), and n e g l e c t i n g the s e c o n d -
and h i g h e r - o r d e r t e r m s . 

X 

V 

-m 2/5 '̂  = ̂ ' (^)+^f^l^ 
^ X"i+V5 

sfio(^)- ZTi;rTT^m(^) 
(56) 

E q u a t i o n (56) d e t e r m i n e s the d i m e n s i o n l e s s v e l o c i t y p r o f i l e s of the p e r ­
t u r b a t i o n s o l u t i o n s . 

S i m i l a r l y , f r o m E q . (23) a n d the de f in i t ions of 9(°) and O(') g iven 
in E q s . (32) a n d (48), 

(57) 
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E q u a t i o n (57), n o r m a l i z e d by dividing t h r o u g h by the v a l u e a t the w a l l , i s 

0 ( T ) ) 
20 F(«>) 

m=o J 

T w *'*siiPH"'°'-£S9f°"'°'" 
(58) • 

t h e E q u a t i o n (58) d e s c r i b e s the d i m e n s i o n l e s s t e m p e r a t u r e p r o f i l e s of t 
p e r t u r b a t i o n s o l u t i o n s . 

The d i m e n s i o n l e s s ve loc i ty and t e m p e r a t u r e p r o f i l e s w e r e c a l c u l a t e d 
n u m e r i c a l l y for P r a n d t l n u m b e r s of 0.1 and 0.03 a t d i f fe ren t d i s t a n c e s f r o m 
the l ead ing edge of the p l a t e wi th v a r i o u s v a l u e s of Gr-r (the mod i f i ed Grashof 
n u m b e r b a s e d on L) c o m m o n l y e n c o u n t e r e d in l a m i n a r f r e e c o n v e c t i o n f r o m 
a v e r t i c a l p l a t e having u n i f o r m s u r f a c e h e a t flux. The r e s u l t s a r e shown in 
F i g s . 10, 11, 12, 13, and 14 for a P r a n d t l n u m b e r of 0 . 1 , and in F i g s . 15, 16, 
17, 18, and 19 for a P r a n d t l n u m b e r of 0 .03 . F o r c o m p a r i s o n , the b o u n d a r y -
l a y e r so lu t ions r e p r e s e n t e d by E q s . (36) and (37) a r e a l s o i nc luded a s 
do t ted l i n e s in the f i g u r e s . 

F o r a P r a n d t l n u m b e r of 0 .1 , F i g . 10 shows tb,e effect of the r e l a t i v e 
d i s t a n c e f r o m the l ead ing edge of the p l a t e on the d i m e n s i o n l e s s v e l o c i t y 
p ro f i l e when G r J ^ i s 10' , F o r s m a l l v a l u e s of r), the ve loc i t y p r o f i l e s of 
the p e r t u r b a t i o n so lu t ions a r e s l igh t ly lower than the c o r r e s p o n d i n g ve loc i ty 
p r o f i l e s of the b o u n d a r y - l a y e r so lu t ion . T h e s e d i f f e r ences i n c r e a s e 
s l igh t ly a s the m a x i m u m v e l o c i t i e s a r e a p p r o a c h e d and then d i m i n i s h un t i l 
the b o u n d a r y - l a y e r p ro f i l e i s c r o s s e d . Beyond the i n t e r s e c t i o n , the dif­
f e r e n c e s b e c o m e s ign i f ican t ly l a r g e r a s r) i n c r e a s e s , the m a g n i t u d e of the 
d i f f e r ences depending on the r e l a t i v e pos i t i on X. H e r e the p o s i t i o n s t aken 
a r e X = i , 4". - j . and •^. F i g u r e 11 shows the b e h a v i o r of d i m e n s i o n l e s s 
t e m p e r a t u r e p r o f i l e s for a P r a n d t l n u m b e r of 0.1 a t v a r i o u s l o c a t i o n s 
v/hen Gr j^ i s 10''. No e s s e n t i a l change is s e e n in the t e m p e r a t u r e p r o f i l e s , 
o the r than s l igh t l ower ing of the p r o f i l e s f r o m the b o u n d a r y - l a y e r so lu t ion 
for the l o w e r r a n g e of r). In p a r t i c u l a r , a t the p o s i t i o n s above X = A, the 
t e m p e r a t u r e p ro f i l e can a d e q u a t e l y be d e s c r i b e d by tha t of the b o u n d a r y -
l a y e r so lu t ion . F i g u r e 12 shows the ve loc i ty p r o f i l e s when G r * is 10 ' . 
A c o m p a r i s o n of F i g . 12 wi th F i g . 10 shov/s tha t the l a r g e r the modLfied 
G r a s h o f n u m b e r , the c l o s e r a r e the p r o f i l e s to the b o u n d a r y - l a y e r s o l u ­
t ion. Th i s i s m o r e c l e a r l y s e e n in the b e h a v i o r of c o r r e s p o n d i n g t e m p e r a ­
t u r e p r o f i l e s in F i g . 13 w h e r e only the p rof i l e for X = i i s d r a w n a long 
t h a t of the b o u n d a r y - l a y e r so lu t ion . The effect of GrJ^ on the b e h a v i o r of 
the v e l o c i t y p ro f i l e a t the l eve l of the midpo in t of the p l a t e l eng th , X = J-, 
is shown in F i g . 14, w h e r e the v a l u e s of G r * a r e IO-"', 10'', 10^. 10^, and^ 
10 ' . The c o r r e s p o n d i n g v a l u e s of the p a r a m e t e r , e, a r e 0 1 0 063096 
0 .039811 , 0 . 0 2 5 U 9 , and 0.015849, r e s p e c t i v e l y . F o r a P r a n d t l n u m b e r of 
0 . 1 , F i g . 14 shows tha t a t X = -i. the ve loc i t y p ro f i l e a p p r o a c h e s tha t of the 



Figure 10. Comparison of Velocity Profiles for Pr = 0.1 When Gr^^ = lO'' 
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Figure 11. Comparison of Temperature Profiles 
for Pr = 0.1 When GrL = lO'' 



Figure 12. Comparison of Velocity Profiles for Pr = 0.1 When Gr? = lO' 



PERTURBATION SOLUTION 
BOUNDARY-LAYER SOLUTION 

Figure 13. Comparison of Temperature Profile 
for Pr = 0.1 When Gr L = 10' 



Pr = O.I 

X = l/2 

^ 1 

Figure 14. Variation of Velocity Profile with Gr-^ at X = y for Pr = 0.1 



Pr=0,03 
* 7 

GrL= 10 

Figure 15. Comparison of Velocity Profiles for Pr = 0.03 When Gr? = lo'' 
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Figure 16. Comparison of Temperature Profiles 
for Pr = 0.03 When G r ^ = lO'' 



Pr = 0.03 

Gri*= ID' 

Figure 17. Comparison of Velocity Profiles for Pr = 0.03 When Gr-r = lO' 
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-PERTURBATION SOLUTION 
-BOUNDARY-LAYER SOLUTION 

I I \ 1 

Figure 18. Comparison of Temperature Profiles 
for Pr = 0.03 When G r ^ = lO' 



4^ 

Figure 19- Variation of Velocity Profile with G r ^ at X = -J- for Pr = 0.03 
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boundary-layer solution as Gr? increases ; and at a modified Grashof 
number of lO', the velocity is already similar to that of the boundary-
layer solution. 

On the other hand, for a Prandt l number of 0.03, all the effects 
seen for a Prandt l number of 0.1 a re magnified, as is evident from the 
figures that follow. Figure 15 shows the velocity profiles at various 
locations when Gr? is 10'. When the profiles a re compared with the 
corresponding profiles for a Prandt l number of 0.1 in Fig. 10, the gen­
eral tendency observed in Fig. 10 is accentuated for a Prandtl number 
of 0.03 in Fig. 15. Decreasing of the maximum velocity and broadening 
of the velocity field at each X appeared more clearly for a Prandtl 
number of 0.03 than for a Prandt l number of 0.1. The value of T] which 
gives the maximum velocity for each X shifts slightly from the left to 
the right as the value of X decreases . Figure 16 shows the behavior of 
the tempera ture profiles at the same locations when Grj^ is 10 as in 
Fig. 15. A slightly lower tempera ture profile than the boundary-layer 
solution is obtained for X = j , even though the difference is not signifi­
cant. The velocity profiles at various locations for a Prandtl number of 
0.03, when Grj^ is lO', a re shown in Fig. 17. As in Fig. 12, the la rger 
the modified Grashof number, the closer a re the velocity profiles of the 
perturbation solutions to that of the boundary-layer solutions. A com­
parison of Fig . 17 with Fig. 12 also indicates that the lower the Prandtl 
number, the l a rger is the deviation in profiles. Figure 18 reveals no 
appreciable correct ions to the tempera ture profiles when Grf^ is 10 . 
The effect of G r ^ on the behavior of the velocity profiles at the level 
of the midpoint of the plate length, X = -i-, is shown in Fig. 19 for a 
Prandtl number of 0.03. The influence of Grj^ on the profiles is more 
pronounced for a Prandt l number of 0.03 than for 0.1. 
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• V. CONCLUSIONS 

A f i r s t - o r d e r p e r t u r b a t i o n m e t h o d h a s b e e n d e v e l o p e d for so lu t i ons 
of the p r o b l e m of t w o - d i m e n s i o n a l f r ee convec t ion in an i n c o m p r e s s i b l e 
v i s c o u s f luid a t r e s t f r o m a u n i f o r m l y h e a t e d v e r t i c a l p l a t e w i t h bo th 
l ead ing and t r a i l i n g e d g e s . By a p e r t u r b a t i o n m e t h o d , a s e r i e s of d i m e n ­
s i o n l e s s v e l o c i t y and t e m p e r a t u r e d i s t r i b u t i o n s w a s obtained, for P r a n d t l 
n u m b e r s of 0.1 a,nd 0 .03 . , 

B e c a u s e the p r o p a g a t i o n of s i n g u l a r i t i e s in the v e l o c i t y and t e m ­
p e r a t u r e f ie lds f r o m the z e r o t h - o r d e r to the f i r s t - o r d e r p e r t u r b a t i o n s i s 
w e a k , the so lu t ions ob ta ined wi thou t u s ing a m e t h o d of c o o r d i n a t e p e r t u r ­
ba t i on a r e suff ic ient ly v a l i d in a domain w h e r e the i m m e d i a t e n e i g h b o r h o o d 
of the l ead ing and t r a i l i n g e d g e s i s exc luded . If the s e c o n d - o r d e r p e r t u r ­
ba t i on so lu t i ons a r e a t t e m p t e d , an app l i ca t i on of the P L K m e t h o d i s def ini te ly 
r e q u i r e d to p r e v e n t the p e r t u r b a t i o n s e r i e s f r o m d i v e r g i n g . 

The f i r s t - o r d e r po t en t i a l - f l ow solu t ion i s b a s e d on the v a r i a b l e 
v e r t i c a l v e l o c i t y induced by the h o r i z o n t a l ve loc i t y on the edge of the 
b o u n d a r y - l a y e r . The p e r t u r b a t i o n so lu t ion t h e r e f o r e v a r i e s wi th the va lue 
of X for a g iven modi f ied G r a s h o f n u m b e r . As a r e s u l t , the m a x i m u m 
v e l o c i t y for a s m a l l va lue of X is a p p r e c i a b l y l e s s than tha t r e p r e s e n t e d 
by the b o u n d a r y - l a y e r so lu t ion even though the a v e r a g e v e l o c i t y for the 
e n t i r e f ie ld is i n c r e a s e d c o n s i d e r a b l y in the p e r t u r b a t i o n so lu t ion . As 
X i n c r e a s e s , both the ve loc i t y and t e m p e r a t u r e p r o f i l e s g r a d u a l l y a p p r o a c h 
the v a l u e s g iven by b o u n d a r y - l a y e r t h e o r y . 

On the o the r hand , the modi f ied G r a s h o f n u m b e r b a s e d on L c o n -
t r ibu, tes to the ve loc i t y and t e m p e r a t u r e d i s t r i b u t i o n s , g iving d i f fe ren t 
p r o f i l e s depending on the magn i tude of the p a r a m e t e r . As the v a l u e s of 
the mod i f i ed G r a s h o f n u m b e r i n c r e a s e , the p e r t u r b a t i o n so lu t i ons a g a i n 
a p p r o a c h the b o u n d a r y - l a y e r so lu t ion . The o r d e r of m a g n i t u d e of the 
modi f i ed G r a s h o f n u m b e r a t wh ich the p e r t u r b a t i o n s o l u t i o n s a s y m p t o t i c a l l y 
co inc ide wi th the b o u n d a r y - l a y e r so lu t ion can be a p p r o x i m a t e l y deduced . 
At X = y , for e x a m p l e , t h i s va lue i s a p p r o x i m a t e l y 10"* for the P r a n d t l 
n u m b e r of 0 , 1 , and a p p r o x i m a t e l y 1 0 " for the P r a n d t l n u m b e r of 0 .03 . 
H o w e v e r , s ince the t r a n s i t i o n f r o m l a m i n a r to t u r b u l e n t flow t a k e s p l a c e 
a r o u n d t h i s r a n g e , the b o u n d a r y - l a y e r so lu t ions a r e p r o b a b l y not a c c u r a t e 
above th i s r a n g e . 

A c o m p a r i s o n of the r e s u l t s ob ta ined for two P r a n d t l n u m b e r s 
shows tha t for a g iven modi f i ed G r a s h o f n u m b e r , the l o w e r P r a n d t l n u m ­
b e r s give l a r g e r dev i a t i ons f r o m the b o u n d a r y - l a y e r so lu t ion . C o n s e ­
quen t ly , if the s a m e p e r t u r b a t i o n c a l c u l a t i o n s a r e c a r r i e d out for a P r a n d t l 
n u m b e r of 0 .01 , the dev i a t i ons f r o m the b o u n d a r y - l a y e r sol i i t ion would be 
l a r g e r than for a P r a n d t l n u m b e r of 0 .03, e s p e c i a l l y in the v e l o c i t y 
d i s t r i b u t i o n s . 
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VI. APPENDICES 
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A P P E N D I X I 

FUNCTIONS F AND 0 AND DERIVATIVES FOR 

VARIOUS P R A N D T L NUMBERS 
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1 

0. 
0.100 
0.200 
0.300 
0.400 
0.500 
0.600 
0.700 
0.800 
0.900 
1.000 
1.100 
1.200 
1.300 
1.400 
1.500 
1.600 
1.700 
1.800 

2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.700 
2.800 
2.900 
3.000 
3.100 
3.200 
3.300 
3.400 
3.500 
3.600 
3.700 
3.800 
3.900 
4.000 
4.100 
4.200 

4.400 
4.500 

4.700 
4.800 

5.000 
5.100 

5.300 
5.400 
5.500 
5.600 
5.700 

5.900 

E 

0. 
1.65532E-U2 
6.21142t-02 
1.30806E-01 
2.17250E-01 
3.16706E-01 
4.25143E-01 
5.39273E-01 
6.56518E-01 
7.74945E-01 
8.93I71t-01 
1.01025E 00 
1.12559E 00 
1.23880t 00 
1.34971E 00 
1.458206 00 
1.56427E 00 
1.66792E 00 
1.76918E 00 
1.86810fc 00 
1.96473E 00 
2.05912E 00 
2.15132E 00 
Z.24139E 00 
Z.32936E 00 
2.41530E 00 
2.49924E GO 
2.58124E 00 
2.66134E 00 
2.73957E 00 
2.81600E 00 
2.89065E 00 
2.96357E 00 
3.03479E 00 
3.10436E 00 
3.17232E 00 
3.23869E 00 
3.30353E 00 
3.36686E 00 
3.42871E 00 

3.54814E 00 
3.6057eE 00 

3.71706E 00 
3.77076E 00 

3.87445E 00 
3.92448E 00 
3.97335E 00 
4.02108E 00 
4.06770E 00 
4.11322E 00 
4.15769E 00 
4.20111t 00 
4.24352E 00 
4.26494E 00 
4.32539E GO 
4.36490E 00 
4.40348E 00 

0. 
3. 
5. 
7. 
9. 
I. 
1. 
1 . 
1. 
I. 
1 . 
1. 
1. 
1 . 
1. 
1. 
1. 
1, 
1. 
9, 
9. 
9. 
9, 
8. 
8. 
8. 
8. 
8, 
7. 
7. 
7, 
7, 
7. 
7, 
6, 
6. 
6, 

6 
6. 

5, 
5, 
5 
5, 
5 
5 
5 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3 
3 
3 

F' 

20700E-0I 
80693E-01 
841i0t-01 
36829E-01 
04556E 00 
1177ie 00 
16060E 00 
18109E 00 
18517E 00 
17780E 00 
16286E 00 
14320E 00 
12083E 00 
09709E 00 
07282E 00 
.04852E 00 
,02447E 00 
,00083E 00 
.77673E-01 
.55019E-01 
,32880E-01 
.11250E-01 
,90122E-0l 
.69484E-01 
.49323E-01 
.29630E-01 
.10391E-01 
.91596E-01 
.73235E-01 
.55296E-01 
.37770t-01 
.20647E-01 
.03917E-01 
.87572E-01 
.716C2E-01 
.55999E-01 

.25859E-01 

.113056-01 

.83194E-01 

.69620E-01 

.56358fc-01 

.43400E-01 

.30741E-01 

.18372E-01 

.062e8E-01 

.94481E-01 

.82947E-01 

.71677E-01 

.60667E-01 

.49911E-01 

.39403E-01 

.29137E-01 

.19107E-01 

.09309E-01 

.99737E-01 

.90386E-01 

.81251E-01 

3. 
2. 
2. 
I. 
1. 
8. 
5. 
3. 
1. 

- 2 . 
-1. 
-1. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-1. 

F" 

519b6E 00 
89807E 00 
30881E 00 
77001E 00 
295D5E 00 
91969E-01 
63233E-01 
06114E-01 
13672E-01 
37870E-02 
17135E-01 
77016E-01 
12849E-01 
32293E-01 
41140E-01 
,43490E-Ol 
,42058E-01 
,33590E-01 
.34075E-01 
.29097E-01 
.23964E-01 
.18a31E-01 
.13771E-01 
,08814E-01 
.03974E-01 
.99251E-01 

-1.94643E-01 
-1.90149E-01 
-l.a5764E-01 
-1. 
-1. 
-1. 
-1, 
-1, 
-1 
-1, 
-1, 
-1, 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-I 
-1 
-1 
-1 
-1 
-1 
-I 
-1 
-1 
-9 
-9 
-9 
-9 
-9 

.81484E-01 

.77307E-01 

.73229E-01 

.69247E-01 

.65359E-01 

.61561E-01 

.57852E-01 

.54228E-01 

.50688E-01 

.47229E-G1 

.43849E-01 

.40547E-01 

.37320E-01 

.34167E-01 

.31085E-01 

.28074E-01 

.25130E-01 

.22254E-01 

.19443E-01 

.16696E-01 

.14010E-01 

.11386E-01 

.08821E-01 

.06314E-01 

.03864E-01 

.01469E-01 

.91289E-02 

.68415E-02 

.46059E-02 

.24210E-02 

.02856E-02 

* 
6.30448E 
6.20452E 
6.10475E 
6.00537E 
5.90651c 
5.8Q828E 
5.71078E 
5.61408E 
5.51825E 
5.42331E 
5.32931E 
5.23627E 
5.14421E 
5.05316E 
4.96312E 
4.8741GE 
4.78613E 
4.69920E 
4.61333E 
4.52853E 
4.44480t 
4.36215E 
4.28058E 
4.20009E 
4.12070E 
4.04Z40E 
3.96520E 
3.88909E 
3.8140aE 
3.74016E 
3.66733E 
3.595606 
3.52495E 
3.45539E 
3.38691E 
3.31951t 
3.25317E 
3.18791E 
3.12370E 
3.06054E 
2.99844E 
2.93737E 
2.a7733E 
2.81831E 
2.76031E 
2.70331E 
2.64731b 
2.59229E 
2.53825E 
2.48513E 
2.43306E 
2.38ia9E 
2.33165E 
2.28234E 
2.23394t 
2.18644E 
2.13983E 
2.09410E 
2.04924E 
2.0O523E 

0 0 
oo 
0 0 
00 
00 
00 
00 
00 
00 
GO 
00 
00 
00 
00 
00 
00 
oo 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
uo 
00 
00 
UU 
00 
00 
00 
00 
00 
00 
00 
00 
0 0 
00 
00 
00 
00 
00 
UU 
00 
00 
UU 
00 
00 
ou 
00 
00 
00 

*' 
-l.OOGGOE 00 
-9.98945E-01 
-9.9b995C-01 
-9.91461E-0 1 
-9.85630E-D1 
-9.787606-01 
-9.71072E-01 
-9.62746E-01 
-9.53929E-01 
-9.44733E-01 
-9.35241E-01 
-9.25514E-01 
-9.15595E-01 
-9.05516E-01 
-S.9530Dt-01 
-8.849646-01 
-8.74523E-01 
-8.63987E-01 
-8.53369E-01 
-8.42678E-01 
-8.31924E-01 
-8.2H16E-01 
-8.10262E-01 
-7.99372E-01 
-7.884S4E-01 
-7.775166-01 
-7.66566E-01 
-7.55613E-01 
-7.44662E-01 
-7.33722E-01 
-7.228006-01 
-7.11901E-01 
-7.01G33E-01 
-6.902026-01 
-6.79414E-01 
-6.68674E-01 
-6.57987E-01 
-6.47359E-01 
-6.36795E-01 
-6.26298E-G1 
-6.15875E-01 
-6.0552eE-01 
-5.95262E-01 
-5.B50eCE-01 
-5.74986E-01 
-5.64983E-01 
-5.55075E-01 
-5.45262E-01 
-5.35550E-O1 
-5.75939E-01 
-5.16432E-01 
-5.07031E-01 
-4.97739E-01 
-4.88555E-01 
-4.79483E-01 
-4.70524E-01 
-4.61677E-01 
-4.52946E-01 
-4.44330E-01 
-4.35831E-01 
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Pr = 0.0100 (Contd,) 
T] F 

6.000 
6.100 
6.200 

_6 .300 
6 .400 
6 .500 
6.600 
6.700 
6.800 

_6j_900 
7.000 
7.100 
i .2go 
7.300 
7.400 
7.500 

7.900 
8.000 
8 .100 
8.200 
8.300 
8.400 
8.500 
8.600 
8.700 
8.800 
8.900 
9 .000 
9 .100 
9 .200 
9 .300 
9.400 
9.500 
9.600 
9.700 
9 .800 
9 .900 

_4.44115_E 00 
4.47795E 00 
4.51388E 00 
_4.54897E 00 
4.58324E 00 
4.61671E GG 
4.64939E 00 
4.68131E 00 
4.71248E GO 
4.74291E 00 
4.77263E GO 
4.80166E 00 

_j4.8_3,00GE C)0_ 
4.85767E GG 
4.8a470E 00 
4.91109E 00 

7.600 
7.700 
7.800 

4.93686E 00 
4.962G3E 00 
4.98660E 00 

3._72327E-01 
3.63610E-01 

55094E-G1 
,46775E-G1 
386496-01 
30711E-01 
,229576-01 
L53S3E-6i 
079e4E-01 
,00757E-01 
,93698E-G1 
,86802E-01 
,800676-01 
734886-01 
,670636-01 
i607^6E_rOJ,_ 
,546566-01 
,4B669E-01 
.42 8_2 0EK)L 

-B.S1986E-02 
-8.6159GE-G2 
-8.416576-02 
-B.22176E-02 
-8.03138E-d2 

.84533E-02 

.663516-02 

_J,̂ 96_2Q.7t_ 
1.919746 
1.87823E 

_l5_B3_7 52E 
1.79762E 
1.758506 
1.72G16E 

48583E-02 
31219E-02 
14251_E-02 

1.68257E 
1.64574E 
1.609646 

.97670E-02 
31467E-02 

.656336-02 
-6.501626-02 
-6.350446-02 
-6.202726-02 

1.574276 
1.539626 
1.505676 
1.472406 
1.439826 
1.4G791E 

-4.27446E-G1 
-4.19183E-01 
-4.11035E-01 

__-4.G30G6t-01 
-3.950956-01 
-3.87302E-0 1 
-3.79627E-01 
-3.72C71E-01 
-3.64632E-0 1 
-3.5731CE-G1 
-3.50106E-01 
-3.43018E-O1 
-3.36G46E-0L 
-3.291896-01 
-3.22448E-01 
T3J_1582GE-01 

-6.05837E-G2 
-5.91733E-02 
-5.77953E-Q2 

5.0106GE GO 
5.03403E GO 
_5i0569_lE_00 

2.37108E-01 
2.31530E-01 
2.260816-01 

5.079256 GO 
5.101G6E 00 
5.12236E GG 

2.20759E-01 
2.15561E-G1 
2.104e5E-01 

5.14316E GO 
5.163476 00 
5.18330E GO 
5.20267E 00 
5.221586 00 
5.240046 00 

-5.644886-02 
-5.513326-02 
-5.384786-02 
-5.259196-02 
-5.136496-02 
-5.0166GE-02 

2.055276-01 
2.006856-01 
1.959566-0L 

-4.899486-02 
-4.785056-02 
-4.67326E-02 

5.26806E 00 
5.27566E GO 
5.29285E 00 

1.91338E-01 
1.86827E-01 
1.62422E-01 

-4.564G4E-G2 
-4.457356-02 
-4.353116-02 

5.30963E 00 
5.32602E GO 
5.34201E 00 

1.78120E-01 
1.739196-01 
1.69816E-01 

-4.25128E-02 
-4.1518GE-02 
-4.054b2E-02 

1.37666C 
1.346U56 
l.J_1607E_ 
i.28672E 
1.25798E 

_.1L2.2284.6 
1.202306 
1.17533E 
1.14894E 
1.123106 
I.G9781E 

_1_._07306E_ 
1.04884E 
1.025146 
. 1^.001956 
9.79256E-
9.57052E-
9.3532BE-

5.35763E 00 
5.372896 GO 
5.38778E JIO,_ 

1.65809E-01 
1.61S96E-01 
1.58074E-01 

-3.95969E-G2 
-3.86695E-G2 
-3.77636E-G2 

1.543436-01 
1.50698E-01 
1.47139E-01 

-3 .68737E-02 
-3.60143E-G2 
-3 .516996-02 

9.14G75E-
8.93283E-
8.72944E-
8.530496-
8.33589E-
8.14554E-

- 3 . 0 9 3 0 5 E - 0 1 
- 3 . 0 2 9 0 2 E - 0 1 
- 2 . 9 6 6 1 1 t - G l 
-2 .9 '6430E-01 
- 2 . B 4 3 5 9 6 - 0 1 

__r_2.,,783966-01 
-2 .7254G6-G1 
- 2 . 6 6 7 9 0 6 - 0 1 
- 2 ,_61145 6-01 
-2 .556G46-C1 
-2 .50166E-G1 
-2.4483GE-G1 
- 2 . 3 9 5 9 3 E - 0 1 
- 2 . 3 4 4 5 6 E - 0 1 
-2.2_94166-C1 
- 2 . 2 4 4 7 2 6 - 0 1 
- 2 . 1 9 6 2 4 E - 0 1 
-2 .14B7GE-01 
- 2 . 10208E-G1 
- 2 . 0 5 6 3 7 E - 0 1 
- 2 . 0 1 1 5 6 E - 0 1 

- 1 . 9 6 7 6 4 E - 0 1 
- 1 . 9 2 4 5 9 6 - 0 1 
-1 .6B240E-01 

10.000 
10.100 
10.200 
10.300 
10.400 
10.500 

5.402326 00 
5.41651E 00 
5.43037E 00 

1.43663E-01 
1.402696-01 
1.36955E-01 

5.443916 00 
5.45712E 00 
5.47002E 00 

1.33718E-01 
1.305586-01 
1.274716-01 

-3.43451E-02 
-3.35394E-G2 
-3.275256-0? 
-3.198386-02 
-3.12329E-02 
-3.049956-02 

7.959386-
7.777316 
7.599246 
7.42511E-
7.25483E-
7.088316-

-01 
-01 
-0JL_ 
-Cl 
-01 
:nL_ 

-1.841056-01 
-1.800546-01 
-1.76085E-0I 
-1.72196E-G1 
-1.6B386E-01 
-1.646A5£=0,L 

10.600 
10.700 
10.BOO 

5.48261E 00 
5.49491E 00 
5.50692E 00 

1.24457E-01 
1.215146-01 
1.18640E-01 

-2.97832E-02 
-2.90836E-02 
-2.840026-0? 

6.92549E-
6.766296-
6.61Q6?6-

-1.61GOGE-01 
-1.57420E-G1 
-1.539156-01 

10.900 
11.000 
11.100 
11.200 
11.300 
11.400 
11.500 
11.600 
11.700 
11.800 
11.900 
12.000 
12.100 
12.200 
12.300 
12.400 
12.500 
12.600 
12.700 
12.800 

5.518646 
5.530G9E 
5.541266 
5.55217E 
5.56283E 
5.573236 
5.58338E 
5.59329E 
5.602976 

00 
00 
00 
00 
00 
00 
GO 
00 
00 

5.61242E 00 
5.62165E 00 

__J,^J>3nt5.E_.i)iI 
5.63945E 
5.64803E 
5.65641E 
5.66460E 
5.67259E 
5.68039E 
5.688006 
5.695436 

00 
00 
00 
00 
00 
GO 
00 
00 

1. 
1, 
1. 
I. 
1, 
1. 
1. 
9. 
9, 
9. 
9. 
8, 
8. 

a. 
8. 
8. 
7. 
1. 
7. 
7, 

.158336-01 

.130936-01 

.10417E-01 

.G7803E-01 

.G5252E-01 

.0276bE-01 

.003276-01 

.79512E-02 

.563136-02 

.336606-02 

.11541E-02 

.899426-02 

.688536-02 
,482606-02 
.281526-02 
.OB519E-02 
.89348E-02 
.706296-02 
.523516-02 
.34505E-02 

-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 
-2. 

.773276-02 

.7oaoeE-G2 

.64440E-07 

.58222E-02 

.52148E-02 

.46215E-0? 

.40422E-02 

.34763E-02 

.29237E-n? 
-2.23839E-02 
-2.185686-02 
-2.13420F-0? 
-2. 
-2. 

.08393E-02 

.03483E-G2 
-1.986886-02 
-1.940G56-02 
-1.894316-02 
-1. 
-1. 
-1, 

.a4965E-G2 

.80604E-02 
,76345E-G2 

6. 
6. 
6, 
6. 
5. 
5, 
5. 
5. 
5. 
5. 
5. 
4, 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 

.45843E-01 

.30964E-01 

.021956-01 

.882936-01 

.74702E-G1 

.61417E-01 

.4e431E-01 

.357376-01 

.23330E-01 

.112046-01 

.993516-01 

.87767E-01 

.76445E-01 

.653806-01 

.545676-01 

.439996-01 

.336726-01 

.235aiE-01 

.13719E-01 

-1, 
-1. 
-1 . 
-1, 
-1, 
-1 , 
-1, 
-1, 

-1. 
-1, 

-1, 
-1 
-1, 
-1 
-1 
-1 
-9 
-9 

.50482E-01 

.47121E-G1 

.4G609E-G1 

.37455E-G1 

.313456-01 

.28387E-01 

.22660E-01 

.198876-01 

.145206-01 

.119236-01 

.093816-01 

.068956-01 

.044636-01 

.020846-01 

.975726-02 

.748096-02 
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•n F 

1?. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 

,900 
,000 
, 100 
,200 
,300 
,400 
.500 
,600 
,700 
.800 

13.900 
14.000 
14. 
14. 
14. 
14, 
14, 
14. 
14, 
14 
14 

.100 

.200 
,300 
.400 
.500 
.600 
.700 
.800 
.900 

5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5, 
5, 

,70269E 
,709786 
,71670E 
,72345E 
,730046 
,736486 
.74276E 
,748896 
.754886 
,760736 
.766446 
,772016 
.777456 

5.78276E 
5. 
5, 
5 
5 
5, 
5 
5 

.787946 

.793006 

.797946 

.802776 

.807486 

.812076 

.816566 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

7. 
7. 
6. 
6. 
6. 
6, 
6. 
6. 
5, 
5, 
5. 

17G79E-02 
000646-02 
,83451E-02 
,67230E-02 
,51392E-02 
,35927E-02 
.20828E-02 
.060846-02 
.91690E-02 
.776356-02 
.639126-02 

5.505136-02 
5, 
5. 
5, 
5, 
4 
4 
4 
4 
4 

.37430E-02 

.24657E-G2 

.12186E-02 

.000096-02 

.881206-02 

.76512E-02 

.651786-02 

.541136-02 

.433096-02 

-1. 
-1. 
-1. 
-1. 
-1. 
-I. 
-1. 
-1. 
-1, 
-1. 
-1. 
-1, 
-1. 
-1. 
-1, 
-1. 
-1, 
-1, 
-1, 
-1, 
-1. 

721856-02 
681236-02 
,641566-02 
,602836-02 
,565006-02 
.528066-02 
.491996-02 
.456766-02 
,42236E-02 
.38877E-02 
,35597E-02 
,32394E-02 
.292666-02 
.262126-02 
.232296-02 
.20317E-02 
.17473E-G2 
.14696E-G2 
,11985E-02 
.09337E-02 
.G6752E-02 

4. 
3. 
3; 
3. 
3, 
3. 
3, 
3, 
3, 
3. 
3. 
3. 
3. 
2, 
2, 
2, 
2, 
2, 
2. 
2, 
2, 

,04083E-01 
,946676-01 
.85466E-01 
.764766-01 
,67692E-0l 
.69109E-01 
,50723E-01 
.425306-01 
,34625E-01 
.267046-01 
.190636-01 
.115986-01 
.04305E-01 
.97181E-01 
.90221E-01 
.83421E-01 
.767796-01 
.70291E-01 
.639526-01 
.57760E-01 
.51712E-01 

-9. 
-9. 
-9, 
-8, 
-8, 
-8. 

,525456-02 
.3077C6-G2 
,094736-02 
.886466-02 
,682796-02 
.483626-02 

-8.28886E-02 
-8. 
-7, 
-7. 
-7. 
-7. 
-7, 
-7, 
-6, 
-6. 
-6, 
-6, 
-6, 
-6, 
-5, 

,098436-02 
.912236-02 
.73017E-02 
.552176-02 
,37815E-02 
.20802E-02 
.041706-02 
.879116-02 
.720176-02 
.564816-02 
.41295E-G2 
,26451E-02 
.11942E-G2 
.97761E-Q2 

15.000 
15.100 
15.200 

5.820946 00 
5.825216 00 
5.829396 00 

4.327606-02 
4.224616-02 
4.12406E-02 

-1.04227E-02 
-1.01762E-02 
-9.93552E-03 

2.45804E-01 
2.40033E-01 
2.343966-01 

-5.839016-02 
-5.703556-02 
-5.57117E-02 

15.300 
15.400 
15.500 

5.e3346E 00 
5.e3744E 00 
5.a4132E 00 

4.02588E-02 
3.93003E-02 
3.83645E-02 

-9.70049E-03 
-9.47100E-03 
-9.24691E-03 

2.2a890E-01 
2.235116-01 
2.182586-01 

-5.441796-02 
-5.315356-02 
-5.191786-02 

15.600 
15.700 
15.800 
15.900 
16.000 
16.100 
16.200 
16.300 
16.400 
16.500 
16.600 
16.700 
16.800 
16.900 
17.000 
17.100 
17.200 
17.300 
17.400 
17.500 
ll._600_ 
17.700 
17.800 
17.900 
18.000 
18.100 
18_._200_ 
18.300 
18.400 
18.500 
18.600 
iejoo__ 
18.800 
18.900 
i9._og_Q_ 
19.100 
19.200 
19.300_ 
19.400 
19.500 

^9.600 
19.700 

5.845116 00 
5.848816 00 
5.852436 00 

3.745086-02 
3.655876-02 
3.56B77E-02 

-9.02811E-03 
-8.81446E-03 
-a.6G585E-G3 

2.13127E-01 
2.GB115E-01 
2.032206-01 

-5.07104E-02 
-4.953046-02 
-4.837746-02 

5.a5595E 00 
5.85940E 00 
5.862766 00 

3.48373E-G2 
3.40071E-02 
3.31965E-02 

-8.4G216E-G3 
-8.20327E-03 
-8.009076-03 

1.98439E-G1 
1.93769E-G1 
1.892086-01 

-4.725076-02 
-4.61498E-02 
-4.50741E-02 

5.86604E 00 
5.B6924E 00 
5.872366 00 

3.240516-02 
3.16325E-02 
3.087816-02 

-7.819456-03 
-7.6343GE-03 
-7.45353E-G3 

1.84753E-01 
1.B04G3E-01 
1.76153E-01 

-4.402306-02 
-4.2996CE-02 
-4.19926E-02 

5.87541E 00 
5.87839E 00 
5.88130E 00 

3.01416E-02 
2.94226E-02 
2.87206E-02 

-7.27701E-03 
-7.104676-03 
-6.936396-03 

1.720G3E-01 
1.679506-01 
1.639926-01 

-4.101226-02 
-4.00543E-02 
-3.911B5E-02 

5.884146 00 
5.88691E 00 
5.869616 00 

2.803526-02 
2.736606-02 
2.671276-02 

-6.772086-03 
-6.611656-03 
-6.45501E-03 

1.60126E-&1 
1.5635GE-01 
1.52663E-01 

-3.82042E-02 
-3.731106-02 
-3.643836-02 

5.89225E 00 
5.a94a2E 00 
5.897346 00 

2.60749E-02 
2.54522E-02 
2.4B442E-02 

-6.302066-03 
-6.152736-03 
-6.006936-03 

1.490626-01 
1.45b45E-01 
1.42111E-U1 

5.899796 00 
5.90219E 00 
5.90453E 00 

2.42507E-02 
2.36712E-02 
2.31055E-02 

-5.86456E-03 
-5.72557E-03 
-5.58985E-03 

1.3a757E-Gl 
1.354816-01 
1.32282E-01 

5.906816 00 
5.90904E 00 
_5j!_9iL22E_0_(L 

2.255316-02 
2.201396-02 
2.14874E-02 

-5.45734E-03 
-5.327966-03 
-5.20164E-03 

5.913346 00 
5.91541E 00 
5.91743E 00 

2.09735E-02 
2.047176-02 
1 .996186-02 

-5.078306-03 
-4.957886-03 
-4.84G30E-03 

1.29159E-01 
1.26108E-01 
1.231296-nl 
1.2G220L-G1 
1.173796-01 
1.146056-01 

5.91941E 00 
_5^92133E 00 
5.92321E 00 
5.925G5E GO 
5.92684E GO 
5.92859E 00 
5.93030E 00 
5.93196E 00 

1.950356-02 
1.903666-02 

-4.72551E-03 
-4.613426-03 

1.118966-01 
1.092506-01 

1.85808E-G2 
1.81357E-02 
1.770136-02 

-4.503996-03 
-4.397146-03 
-4.292826-03 

1.06667E-01 
1.04144E-01 
1.01681E-G1 

-3.55856E-G2 
-3.47529E-02 
-3.39393E-G2 
-3.31445E-G2 
-3.236B1E-02 
^3JA096ti(L2_ 
-3.086B7E-02 
-3.014506-02 
-2.943B0E-02 
-2.B7475E-02 
-2.807296-02 
-2.741406-02 
-2.67705E-02 
-?.614iaE-G2 
-2.55278E-C2 
-2.49281E-G2 
-2.43423E_-i02, 

1.72771E-02 
1.686306-02 
1.64_5_a7E^02 

5.93359E 00 
5.935186 00 
5.936736 00 
5.938246 00 
5.939716 00 
5.941156 GO 

1.606406-02 
1.567876-02 
1.530256-02 
1.493536-02 
1.4576eE-02 
1.4226aE-02 

5.942666 GO 1.38B51E-02 

-4.19G97E-03 
-4.G9152E-03 
-3.99443E-G3 
-3.89963E-03 
-3.8G707E-03 
-3.71671E-03 
-3.62a48E-03 
-3.54233E-03 
r3_._45823E^03_ 
-3.376116-63 

9.92752E-02 
9.692626-02 
9.46325E-02 

-2.37702E-02 
-2.32114E-G2 
-2.26656E-02 

9.23926E-02 
9.02G55E-G2 
8.606986-02 

-2.21326E-02 
-2.16120E-02 
-?.l1035E-02 

8.59844E-02 
8.394B1E-02 
8.L9597E-02 
8.001816-02 

-2.060696-02 
-2.012196-02 
-1.96482E-02_ 
-1.91856E-02 
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19.800 
19.900 
20.000 
20.100 
20.200 
20.300 
20.400 
20.500 
20.600 
20.700 
20.800 
20.900 
21.000 
21.100 
21.200 
21.300 
21.400 

5.943936 00 
5,94527E 00_ 
5.94658E 00 
5.94785E 00 
5.94910E 00 
5.95031E 00 
5.95150E 00 
5 , 9 52.6_5_E 00_. 
5.95378E 00 
5.96488E 00 
5.95596E 0_0 
5.95701E 00 
5.95803E 00 
5.959036 00 

21.500 
21.600 
21.700 
21.800 
21.900 
22i_G00 
22.100 
22.200 
22.300 
22.400 
22.500 
22.600 
22.700 
22.800 
22.9.00 
23.000 
23.100 
23.200 
23.300 
23.400 
23.500 

23.600 
23.700 
_2_1..80J1_ 
23.900 
24.000 
2,4. 100_ 
24.2GG 
24.300 
24.400 
24.500 
24.600 
24.700 
24.800 
24.900 

25.600 
25.700 
2-5_.100_ 
25.900 
26.000 
26.100 
26.200 
26.300 
26.400 

5.960016 GO 
5.960966 00 
5j96I8_96 00 
5.96279E 00 
5.96368E 00 
5.96454E GO 

1.35515E-02 
1_. 322586-02 _ 
1.290796-02 
1.259756-02 
1.229456-02.. 
1. 19987E-02 
1.170996-02 

_1.142806-02 
1.115286-02 
1.088416-02 

_l_._G_62iaE-02_ 
1.036576-02 
1.01158E-02 

_9_._87174E_-03_. 
9.63351E-03 
9.4G095E-03 
.9.,_1_7.39.3Ê 03_ 
8.952306-03 
8.735946-03 
B.524736-03 

-3.295946-03 
-3.21767E-03 
-3.141246-03 
-3.066636-03 
-2.993786-03 
-2.922666-03 
-2.853216-03 
-2_. 7.654_2E-03_ 
-2.719226-03 
-2.654606-03 
r2i5_9.L50E-03 
-2.52939E-G3 
-2.46975E-03 
^i4..U03_E-Q3._ 
-2.353706-03 
-2.297726-03 
-2_t.2.4.3_0J..E_-.03. 
-2.18972E-G3 
-2.13763E-03 
-2.086776-03 

5.965386 GO 
5.966206 00 

. 5..9_6i0 16 0G_ 
5.967796 00 
5.968556 00 

_ 5.969306 GO 

8.318556-03 
a.117276-03 
7_.92G7 8E-.03__ 
7.72897E-03 
7.54172E-03 

_ 7.358946-03 

-2.037126-03 
-1.988646-03 
^L!54_1316-03_. 
-1.895106-03 
-1.849986-03 
-1.80594E-03 

,81222E-02 
.62710.E-Jj_2. 
.44633E-02 
.269836-02 
.09748E-02, 
.9292GE-G2 
.764886-02 
,604446-02 
.447776-02 
.29481E-02 
,.14.5.44ErQ2_ 
,99961E-02 
,85721E-02 
,718_176.r:.0_2_ 
,582416-02 
,449866-02 
,32043E-02_ 

5.194066-02 
5.07067E-02 
4.95G20i-n02_ 
4.832576-02 
4.717716-02 

.A. .9fi,5 5 76-02 
.496GaE-02 
.389176-02 

- 1 . 
- 1 . 
- 1 . 

-1.873386-02 
-l,.82926E-02.. 
-1.78617E-02 

.74409E-02 

.70299E-02 

.662a5E-02 
-1.62366E-02 
-l.5853BE-02_ 
-1.548006-02 
-1.5n5CE-02 
-l.._4J5856-02. 
-1.44104E-02 
-1.4G705E-02 
-1.37385E-02 

5.970G2E 00 
5.97073E GO 
5.97143E 00 
5.9721GE 00 
5.97276E 00 

_5_. 97.340!L_iO_ 
5.974G3E GO 
5.97464E 00 
5.97524E 00 
5.975626 00 
5.976396 00 
5.976946 GO 

7.1BG506-G3 
7.006326-03 
6.83628E-G3 
6.67029E-03 
6.50826E-03 
6.35GG9E-03 

-1.76293E-G3 
-1.72095E-03 
z_l .,.6_7 9 9.6_E_-i).3__ 
-1.63994E-03 
-1.60087E-G3 
-1.56272E-G3 

4. 
4. 
4.28479E-02 

6.19569E-G3 
6.044966-03 
5.89783E-03 

- 1 . 525486 -03 
- 1 . 4 8 9 1 2 6 - 0 3 
-1.45362E-G3 

5 .754216-03 
5.61<t026-03 
5 .477166-03 

-1.418966-03 
-1.385126-03 
-1.352096-03 

5.97749E 00 
5.97601E 00 
5.978536 GO 
5.97903E GG 
5.979526 00 
5.980006 00 
5.980476 00 
5.980926 00 
5.961366 00 

5.343576-03 
5.213176-03 
5.085886-03 
4.96163E-03 
4.840346-03 
4.7?1956-03 

-1.31983E-03 
-1.28834E-03 
-1.25760E-03 
-1.227596-03 
-1.19828E-G3 
-1.16967F-03 

4.6063aE-03 
4.49358E-G3 
4.3B347E-03 

5.981806 00 
5.9B2226 00 

-1.141746-03 
-1.114476-03 
-l.0B7H5F-n3 

4.18286E-02 
4.083376-02 
.J..9J62.16-a.2_ 
3.B9135E-G2 
3.79a74e-02 
3,J_0JI3JJ:-.a2__ 
3.620016-02 
3.533816-02 
3.44964E- 0_2_ 
3.367476-02 
3.287236-02 

_i,_2lL8JJ16rjl2_.. 
3.132416-02 
3.05773E-02 

„Z..„9.8A8_2£r02 . 
2.913646-02 
2.84414E-G2 

_2.,J2628t.-.e2 

4.275996-03 
4.171076-03 

-1.061866-03 
-1.G3648E-03 

5.98263E 00 
5.983036 GG 
5.983436 00 

4.06867E-03 
3.96871E-03 
3.671156-03 

25.000 
25, 
25. 
25. 
25. 
25. 

.100 
,200 
.300 
.400 
.500 

5. 
5, 
5, 
5, 
5, 
5, 

.983816 

.964186 

.984546 

.984906 

.985246 

.985586 

00 
GO 
00 
00 
00 
GG 

3, 
3. 
3. 
3. 
3. 
3. 

.775926-

.682966-

.592236-

.503676-
,417236-
.33286E-

-03 
-03 
-03 
-03 
-03 
-03 

-1.011706-03 
-9.87514E-G4 
-9.636996-04 
-9. 408436-OV 
-9.183346-04 
-8.963586-04 

5.98591E GO 
5.9a623E 00 
5.986556 GG 

-8.749026-04 
-8.539556-04 
-8.335056-04 

2.710O3E-02 
2.64534E-02 

_Z^5a218ETQ2.. 
2.520526-02 
2.46G32E-02 
2.401546-02 
2.34416E-02 
2.2B813E-02 
2.233436-32 
2.18002t-02 
2.127a7E-02 

3.250526-03 
3.170146-03 
3.091696-03 

5.986856 00 
5.987156 00 
5.987446 00 

a.135396-04 
-7.940466-04 
-7.750166-04 

2.076966-02 
2.027266-02 
1.978736-02 

3.015126-03 
2.940396-03 
2.867456-03 

5.987726 00 
5.988006 00 
5.96B276 00 

-7.564366-04 
-7.382966-04 
-7.205876-04 

1.931356-02 
1.885096-02 
1.639936-02 

26.500 
26.600 

5.9Ba536 00 
5.9a8796 00 

2.796266-03 
2.7267a6-03 
2.653966-03 
2.5927BE-03 
2.52aia6-03 

-7.03297E-04 
-6.86417E-G4 
-6.69937E-()4 
-6.53a47E-04" 
-6.381396-04 

1.79584E-02 
1.75279E-C2 
1.710766-G2_ 
1.669726-02 
1.629666-02 
1.590546-02 
1.55235E-U2" 
1.51507E-02 

-1.341436-02 
-1.309786-02 
-1.278B7E-02 
-1.248666-02 
-1.219206-02 
_-l.l_9042£-0_2_ 
-1.16231E-02 
-1.134866-02 
_-l..l0 8.Q.6_Er.Q2_ 
-1.081896-02 
-1.056346-02 
-1.031386-02 
-1.007026-02 
-9.832226-03 
-9.599696-03 
-9.373036-03 
-9.15152E-03 
_=8j.93_5.2_2_E-0 3 
-8.72402E-03 
-8.51779E-03 
._-8.,_31.6.42E-0.3. 
-8.1L98GE-G3 
-7.927826-03 
.j^7. 740 366^0 3 
-7.557326-03 
-7.3786CE-03 
..-T„.„2D41Ge-Q3_ 
-7.03371E-03 
-6.a6734E-03 
-6...JO_4S_9_E-03_ 
-6.54628E-03 
-6.39142E-03 

-6.092566-03 
-5._9A64 0E_-0 3 

!0 7"6 5E-d3 
670226-03 

_-5.53604E-03_ 
-5.40502E-03 
-5.2771CE-03 
_l5^15221E-G3 
-5.03026E-03 
-4.91119E-03 
-_4._794946-03 
-4.68144E-03 
-4.570616-03 
-4.46241E-G3 
-4.3'5676"6-03" 
-4.25362E-03 
_-4.152906-03 
-"4.0545fi6-u3 
-3.956576-03 
-3.864846-03 
-3.77332E-03 
-3.6a397t-03 

- 5 . 
- 5 . 
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0.0100 (Contd.) 
T) F 

. 2 6 . 7 0 0 
26 .800 
26 .900 
_27.000 
27.100 
27.200 
27.300 
27.400 
27.500 
2J._6qp 

1 7 . 7 0 0 
27 .800 
27 .900 
28 .000 
28 .100 

__2_8.̂ 2g0. 
28.300 
28.400 
28.500 

5.98_?0.4.6_.0p_ 
5.98928E 00 
5.98952E 00 
5.9897_5E gij__ 
5.989976 00 
5.990196 00 
5.990416 00 

2.46514E-03.. 
'2.40361E-03 
2.34356E-03 
2.284956-03_ 
2.227766-03 
2.171946-03 
2.117476-03 

5.99062E 00 
5.990826 00 
5.991026 00 

2.064306-03 
2.012426-03 
1.961796-03 

28.600 
28.700 
28.800 
28.900 
29.000 
29.100 
29.200 
29.300 
29.400 
29.500 
29.600 
29.700 
29.800 
29.900 
30.000 
30.100 
30.200 
30.300 
30.400 
30.500 
30.600 
30.700 
30.800 
30.900 
31.000 
31.100 
31.200 
31.300 
31.400 
31.500 
31.600 
31.700 
31.800 
31.900 
32.000 
32.100 
32.200 
32.300 
32.400 
32.500 
32.600 
32.700 
32.800 
32t900_ 
33.000 
33.100 
J2U200_ 
33.300 
33.400 
33.500_ 

5.991216 00 
5.99140E 00 
5^99^15 96 00_ 
5.99177E 00 
5.991946 00 
5.99211E 00 
5.992286 GO 
5.992446 00 
5.99260E 00 

1.912386-03 
1.864176-03 
1.81712E-03 
1.771206-03 
1.726396-03 
1.682676-03 

: L6 . 223036-04 
- 6 . 0 7 8 3 1 6 - 0 4 
- 5 . 9 3 2 1 3 6 - 0 4 
-5 .789426-G4 
- 5 \ 6 5 0 0 9 E - 0 4 
- 5 . 5 1 4 0 7 E - 0 4 
-.5.38_126E-04 
- 5 . 2 5 1 6 1 6 - 0 4 
-5 .125036-04 
-5 .G0145E-04 
- 4 . 6 3 0 7 9 6 - 6 4 
- 4 . 7 6 3 0 0 6 - 0 4 
-4j^64^0pE-_04_ 
- 4 . 5 3 5 7 3 6 - 0 4 
- 4 . 4 2 6 1 1 6 - 0 4 
-4.3191GE-0A_ 

1.64GG0E-03 
1.59e37E-G3 
1.557746-03 

-4.214626-G4 
-4.11262E-04 
-4.013036-04 

5.992756 00 
5.992906 GO 
5.993056 00 

1.518106-03 
1.47942E-03 
1.44167E-03 

-3.91581E-04 
-3.82089E-04 
-3.72622E-04 

1.47867E-C2 
1.44313E-02 
1.408436-02 
1. 3 74556-02 
1.341486-1,2 
1.3J919E-';.2 

l.27766E-n2 
1.24688E-G2 
1.21683E-02 
1_. 187496-02 
1.15885E-02 
1. 130a9t-G2 

_J._LG358E^-J2 

1.07693E-02" 
1.G5090E-G2 
1.0_2„55.0E-.0 2. 
i.06G69t-'j2 
9.76472L-03 

_? ._52 8 ^ ^ M_. 
9.2'9743E-C3 
9.072066-03 
8.8 5202 6-J)3_ 

-3.59673E-03 
-3.5U55E-03 
-3.42839E-03 
-3.34719E-03 
-3.26792E-G3 
-3.19G52E-03 
-3.11495E_^03 
-3.041176-03 
-2.96914E-03 
-2.698_81E-03 
-2.330156-03 

,763106-03 
,697656-03 
,63375E-G3 
,57135E-03 

-2. 
-2. 
-2. 
-2. 
-2.51044E-JJ_3. 

5.99319E 00 
5.99333E 00 
5.993466 00 

1.404B5E-03 
1.36e91E-03 
1.333356-03 

-3.637746-04 
-3.54942E-04 
-3.463136-04 

a.637206-03 
8.42747E-03 
8.2 22_7i,LT0 3._ 

5.99359E 00 
5.99372E 00 
5.99385E 00 

1.29964E-03 
1.266266-03 
1.233706-03 

-3.378996-04 
-3.296806-04 
-3.216556-04 

8.022806-03 
7.827636-03 
7.637086-03 

5.99397E 00 
5.99409E 00 
5.99420E 00 

1.201936-03 
1.170936-03 
1.140696-03 

-3.13a21E-G4 
-3.06172E-04 
-2.98704E-G4 

7.45105E-03 
7.269426-03 
7.Q921GE-U3 

-2.45097E-03 
-2.392906-03 
^2._33.6.21t-_0 3_ 
-2.28086E-03 
-2.226826-03 
-2j.lJ40.61-0.3 
-2.12256E-G3 
-2.D7226E-03 
-_2tQ231.66-.g_3... 
-1.975226-03 
-1.926426-03 
^..8B273E-.0 3 
-l.a3812"E-03 
-1.79456E-03 
-1.752G4E-03 

5.99432E 00 
5.99443E 00 
5.994536 00 

1.111136-03 
1.062406-03 
1.054326-03 

-2.91414E-04 
-2.84296E-04 
-2.77348E-04 

6.918966-03 
6.749966-03 
6.584956-03 

5.994646 00 
5.99474E 00 
5.99464E 00 

1.026926-03 
1.00G20E-03 
9.74129E-04 

-2.70563E-04 
-2.639406-04 
-2.574746-04 

6.42385E-03 
6.266576-03 
6.113016-03 

-1.710526-03 
-1.669996-03 
-1.630416-03 
-1.591766-03 
-1.554066-03 
-1.517236-03 

5.994936 OQ 
5.995036 00 
5.995126 00 

9.486996-04 
9.238926-04 
8.996956-04 

-2.511616-04 
-2.44997E-04 
-?.389aOE-04 

5.96309E-G3 
5.81673E-03 
5.673836-03 

-1.481276-03 
-1.446176-G3 
-1.411906-03 

5.995216 00 
5.99529E 00 

8.760926-04 
8 .530696-04 

-2.331056-04 
-Z.27370E-04 

5.53432E-03 
5.39812E-03 

-1.37a44E-03 
-1.34577E-G3 

5.99538E 00 
5.99546E 00 
5.995546 00 

8.306136-04 
8.087106-04 
7.873486-04 

-2.217716-04 
-2.163046-04 
-2.109676-04 

5.265146-03 
5.13532E-03 
5.00857E-03 

-1.313876-03 
-1.28274E-03 
-1•75?34E-03 

5.99562E 00 
5.99569E 00 
5.995776 00 

7.66513E-04 
7.461926-04 
7.263756-04 

5.995846 GO 
5.995916 00 
5.995936 00 

7.07048E-04 
6.882006-04 
6.69820E-04 

-2.05756E-04 
-2.006696-04 
-1.957Q3E-04 
-1.908546-04 
-1.861206-04 
-1.314996-04 

4.38483E-03 
4.76401E-03 
4.64607E-03 

-1.22266E-03 
-1.19368E-03 
-1.16539E-G3 

4.53091E-G3 
4.41849E-03 
4.30a73E-G3 

-1.137776-03 
-1.1108GE-03 
-1.n8447E-03 

5.996046 00 
5.996116 00 
5.996176 00 

6.518976-04 
6.344196-04 
6.173776-04 

-1.769876-04 
-1.725826-04 
-1.682816-04 

4.201586-03 
4.G9696E-03 
3.994826-03 

-1.05a77E-G3 
-1.03368E-03 
-1 .00918E-03 

5.99623E 00 
5.99629E 00 
5.99635E 00 

6.00760E-04 
5.845576-04 
5.687606-04 

-1.640836-04 
-1.599836-04 
-1.559816-04 

3.895106-03 
3.797756-03 
3.702716-03 

-9.852576-04 
-9.619046-04 
-9.391056-04 

5.996406 00 
5.996466 00 
5.996516 GO 

5.533586-04 
5.383426-04 
5.237036-04 

-1.520746-04 
-1.482606-04 
-1.445366-04 

3.609916-03 
3.519326-03 
3.430876-03 

-9.168466-04 
-8.951156-04 
-8.736986-04 

5.996566 00 
5.996616 00 
5.996666 00 

5.094316-04 
4.955206-04 
4.819596-04 

-1.409006-04 
-1.373516-04 
-1.338856-04 

3.344526-03 
3.260226-03 
3.177916-03 

5.996716 00 
5.996756 00 
5.996806 00 

4.667406-04 
4.558566-04 
4.432976-04 

-1.305026-04 
-1.271996-04 
-1.239746-04 

3.097566-03 
3.019116-03 
2.942526-03 

-8.531846-04 
-8.32961E-04 
-8.132186-04 
-7.939426-04 
-7.75123E-04 
-7.5675GE-04 

5.99684E 00 
5.996896 00 
5.99693E 00 

4.31058E-G4 
4.19130E-G4 
4.07505E-04 

-1.20826E-G4 
-1.177526-04 
-1.147516-04 . 

2.867756-03 
2.794746-03 
2.72347E-03 

-7.3aB12E-G4 
-7.21300E-04 

http://-_2tQ231.66-.g_3
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P r = 0,0100 (Contd,) 
T) F 

33.600 
33.700 
33._800 
33 .900 
34.000 
34.100 
34.200 
34.300 
34_. 40_0 
34.500 
34.600 

_34j,7G0 
34.800 
34.900 

_3_5.,og.o_ 
35.100 
35.200 
35.300 
35.400 
35.500 
.3_5_,_60_0__ 
35.700 
35.300 
35.900 

36.000 
36.100 

__3_6,2.0_0__ 
36.300 
36.400 
J.6 , 5 0..0_ 
36.600 
36.700 
.3.6..80.0_ 
36.900 
'37.000 

37.400 
37.500 
37.600 
37.700 
37.800 
37.900 
38.000 
33.100 
38.200 

33.600 
38.700 
38.800 
38.900 
39.000 
39.100 
39.200 
39.300 
39.400 
39.500 
39.600 
39.700 
39.800 
39.900 
40.000 
40.100 
40.200 
4G.300__ 

5.99697E 
5.99701E 
5.997046 00 
5.99708E GO 
5.99712E 
5.997156 
5.997196 00 
5.997226 GO 
5.99725E 
5.99723E 
5.997316 OC 
5.997346 OG 
5.997376 
5. 
5, 
5. 
5. 

_5_, 
5. 
5. 

00 
0 0 

GG 

GO 

00 

00 

00 
00 

00 
99740E 00 
997426 
99745E 
997486 GO 
997506 GO 
99752E GO 
99755E 00 

5.99757E 
5.99759E 
5. 9976 IE GO 
5.99763E GO 

GG 
00 

3.961776-04 
3.851396-04 
3.743836-04 
3.639C3E-04 
3.53692E-04 

_3,437446-04 
3.34G53E-04 
3.24613E-G4 
3..15417E-04 
3.06461E-G4 
2.977376-04 
2.89242E-04. 
2.80969E-04 
2.72912E-G4 
2.650686-04 
2.574316-04 
2.499956-04 
2.427576-04 
2.357116-04 
2.288536-04 
2.22179E-.04 
2. 15684E-04 
2.09364E-04 

__2j03214E,-_04 
5.997656 GO 
5.99767E 00 
5.997696 00 
5.997716 00 
5.997736 00 
5.997756 00 
5.99776E GG 
5.99778E 00 
5.99779F 00 
5.997aiE GO 
5.99782E 00 

1.97232E-04 
1.914126-04 

_.l_._8575_06-0.4 
1.802456-04 
1.748906-04 
1.696836-04 
1.646216-04 
1.597006-04 

_l_..549_liit_T.Q4. 
1.502676-04 
1.457466-04 

-1.116226-04 
-1.0B962E-G4 
-1.C6169E-G4 
-1.034436-04 
-1.0G781E-04 
-9.81829E-05 
-9.564606-05 
-9.316936-05 
-9.075136-05 
-8.83906E-05 
-8.606586-05 

._T6, 383566-05 
-8.163906-05 
-7.949436-05 
-7.740056-05 
-7.535636-05 
-7.336066-05 
-7.141226-05 
-6.9510GE-G5 
-6.76528E-05 
-6,5.a39.7E.^05 
-6.'.0696E-05 
-6.23415E-05 

. - b . 0 6 5 4 3 E - 0 5 
-5.9G071E-05 
-5.73990E-05 

_.-5...5_8_2_a9.E-05. 
-5.429626-05 
-5.27997E-05 

__-5J.33_aj_6_-Q5__ 
-4.99124E-05 
-4.65199E-U5 

_r4^7.L6C3-ErO-i_,. 
-4.563316-05 
-4.45372E-05 

2.653696-03 
2.585966-03 
2.51963L-03 
2.454666-03 
2.39167E-C3 
2.32995E-03 
2.269706-03 
2.21G87E-i')3 
2.153446-03 
2.097376-03 
.042636-03 
.989196-03 
.937016-03 
.886076-03 
.836346-03 
.78778E-03 
.74033E-03 
.694106-03 

l.64a92E-03 
1.604aiE-03 
_1.56.1756-C3 
1.51970E-03 
1.478666-03 

_l_.__438.5.8_E-;>3 

1.399466-03 
1.361266-03 
1.32 3976-03 
1.287566-03 
1.252026-03 
1...2.1_732E-.CJ.. 
1.18344E-C3 
1. 150366-03 

..1,J.J.8-Q7_6̂ C.3__ 
1.08655E-03 
1.05577E-03 

37.100 

37.200 
37.300 

5.997646 
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2 0 . 8 0 0 
2 0 . 9 0 0 
2 1 . 0 0 0 
2 1 . 1 0 0 
2 1 . 2 0 0 
2 1 . 3 0 0 
21 .40J ) 
2 1 . 5 0 0 
2 1 . 6 0 0 
2 1 . 7 0 0 
2 1 . 8 0 0 
2 1 . 9 0 0 
2 2 . 0 0 0 
2 2 . 1 0 0 
2 2 . 2 0 0 

_2_2j_3gO._._ 
2 2 . 4 0 0 
2 2 . 5 0 0 
_22.,_6.Qg. 

22.700 
22.800 
-22.900 

3.11287E GO 
3.112936 0.0 
3.11299E 00 
3.11305E 00 
3.11311E_0.0. 
3.il316E 00 
3.11321E 00 
3.113276 00_ 
3.il332E o5 
3.113366 00 
3.11341E 00 
3.113466 00 
3.113506 00 

6.369216-04 
6.16178E-04 
5.962436-04 
5.770866-04 
5.586786r.04_ 
5.409936-04 
5.240036-04 
5.076846-04 
4.920106-04 
4.76959E-04 
4.625066-04 

23.000 
23.100 
23.200 

3.113_54E_0JL_ 
3.li359E 00 
3.11363E 00 
3_. 11367E 00 
3.113706 00 
3.11374E 00 
i._l 1_318E„0_0__ 
3.11381E 00 
3.11335E 00 
3.11388E 00 

4.48631E-04 
4.353116-04 
4.225276-04 

-2.11574E-04 
-2.03343E-04 
-1.954146-04 
-1.87776E-04 
-1.80418E-04 
-1.73330E-04 
-1.665026-04 
-1.59925E-04 
-1.53588E-04 
-1.47484E-04 
-1.416Q4E-04 

2.551776-03 
_.2,452336-03 
2.356646-03 
2.264266-03 
2.175376-03 
2.089736-03 
2.007246-03 
_1.927776-03 
1.651216-03 
1.777476-03 
1.706436-03 

4.102596-04 
3.984366-04 
3.S71966-04 

-1.35940E-04 
-1.30484E-04 
-1.26227E-04 

1.637996-03 
1.57206E-03 
1.508666-03 

3.763656-04 
3.659786-04 
3.560206-04 

-1.20164E-04 
-1.15286E-G4 
-1.105676-04 

1.447376-03 
1.388446-03 
1.331666-03 

3.464736-04 
3.373246-04 
3.785576-04 

-1.06061E-04 
-1.017016-04 
-9.750026-05 

1.27697E-03 
1.2242BE-03 
1.17353E-03 

23.300 
23.400 
23.500 

3.113916 00 
3.113946 00 
3.113976 00 

3.201696-04 
3.121166-04 
3.044156-04 

-9.345386-05 
-8.95560E-05 
-3.5801lF-05 

1.12464E-03 
1.07754E-03 
1 .03717F-03 

-1.01307E-03 
-9.7692CE-04 
-9.40132 6-04 
-9.36656E-04 
-6.72444E-04 
-8.40449E-04 
-8.096286-04 
-7.799366-04 
-7.51333E-04 
-7.237766-04 
-6.972346-04 
-6.71663E-04 
-6.47G29E-04 
.j-__6_,23299E-04 
-6.0043BE-G4 
-5.78416E-04 
.=i5_._67.2.026-:04 
-5.36765E-04 
-6.17073E-04 
_-4.,9_aU2E-04 
-4.798426-04 
-4.622426-04 
-4.457866-04 

23.600 
23.700 

_.2_3i80.0_ 
23.900 
24.000 
24.100 

3.114006 00 
3.114036 00 
3.114066 00 

2.970436-04 
2.89989E-04 
7.837416-04 

-8.21839E-05 
-7.86996E-05 
-7.534296-05 

9.e8462E-04 
9.46358E-34 
9.057996-04 

-4.28955E-04 
-4.132216-04 
-3.980646-04 

3.114096 00 
3.11412E 00 
3.114146 00 

2.767876-04 
2.706166-04 
2.647196-04 

-7.210946-05 
-6.399466-05 
-6.59940F-05 

6.667276-04 
8.290386-04 
7.9?a3flF-04 

-3.83463E-G4 
-3.69397E-04 
-3.55847E-04 

-6.31036E-05 
-6.03191E-G5 
-6.76368F-05 

7.57902E-04 
7.242556-04 
6.9ia43F-04 

-3.42794E-04 
-3.30220E-C4 
-3.18107E-04 

3.11417E 00 
3.11420E 00 
3.11422E 00 

2.59086E-04 
2.537066-04 
2.485706-04 

24.200 
24.300 
_24.400 . 
24.500 

24.600 
24.700 
24.800 
24.900 

3.114256 00 
3.114276 00 

..J.._Li4.2_9__6__Dg 
3.114326 00 

_3_^11434t-0fi__ 
3.114366 00 
3.114386 00 
3.114416 00 

2.436706-04 
2.389966-04 
7.3464V6-G4 
2.3C296E-04 
2.26253E-04 

-5.50529E-06 
-6.25638E-06 
-5.01661E-O5 

6.60619E-04 
6.30541E-G4 
6.01566 6-04 

-3.06439E-04 
-2.9519eE-G4 
-7.643696-04 

-4.785636-05 
-4.563126-05 
-4.348786-05 

6.73654E-04 
5.467656-04 
5.7flB64F-04 

-2.739366-04 
-2.638896-04 
-?.64?n96-04 

-4.142306-05 
-3.943396-05 

4.959126-04 
4.718766-04 

-2.443836-04 
-2.3690CE-04 

2.22406E-G4 
2.18748E-04 
2.15270E-04 

-3.751796-06 
-3.56721E-05 
-3.33941E-05 

4.48721E-G4 
4.26416E-04 
4.04929E-04 

-2.27247E-04 
-2.169106-04 
-2.108806-04 

26.000 
25.100 
25.200 
25.300 
25.400 
25.500 

3.114436 00 
3.114456 00 
3.11447E 00 

2.119676-04 
2.088316-04 
2.056586-04 

-3.218136-05 
-3.053136-05 
-2.894196-05 

3.842306-04 
3.642906-04 
3.450836-04 

-2.031446-04 
-1.956916-04 
-1.835136-04 

25.600 
25.700 
_21j5_a00_ 
'25.900 
26.000 
26.100 
26.200 
26.300 
26.400 

3.11449E 00 
3.114616 00 
3.11453E 00 

2.03041E-04 
2.00374E-G4 
1.97852E-04 

- 2 .74108E-06 
-2 .69356E-05 
- 2 . 4515GE-G5 

3.26579E-04 
3.0B756E-G4 
2.915 84 E.-_04_ 

3.11455E 00 
3.11457E 00 
3.11459E 00 

GO 
00 

3.11461E 
3.11463E 
3.1146j4E^ .0.0._ 
3.114666 00 
3.11468E 00 
3.11470E GO 

1.96469E-04 
1.93221E-04 
J_-_911_02E_-..g4._ 
1.891086-04 
1.372346-04 
1^85_4766j-_g4__ 

• f . 8 3 8 2 9 6 - 0 4 
1.82289E-04 
1 . 8 0 8J)_3ET0.4_ 

-2.31463E-G5 
-2.1827BE-G5 
-2.0657 7 E_rJ55__ 

2.750436-04 
2.591096-04 
2.437606-04 

-1.615976-04 
-1.749356-04 
-1.665176-04 
-1.623356-04 
-1.563806-04 
-1.506436-04 

-1.93342E-05 
-1.81556E-05 
-1.70203E-05 

2.28974E-04 

2.14730E-04 

2 . 0 1__0 0 9 IL-aA-

-1.45116E-G4 
-1.39793E-04 
-1.34664E-04 

26.500 
26.600 
76.700 
26.800 
26.900 
2i._goo_ 
27.100 
27.200 

_2l!_300__ 
27.400 
27.500 

3.114726 00 
3.114746 00 
3.11475E 00 

1.79516E-04 
1.78276E-04 
1.77127E-04_. 

-1.692666-05 
-1.487306-06 
l̂̂ L.̂ 8_5-a.!-.Sr.P-5_ 
-1.288046-05 
1.193666-05 
1.1 031.3£rO,5__ 

1.877916-04 
1.750586-04 
X._62 79.2£ra4. 

-1.297246-04 
-1.249666-04 
-1.203806-04 

1.50976E-O4 
1.395946-04 
1.2B629E-04 

-1.159646-04 
-1.117096-04 
T_l .076116-04 

3.114776 00 
3.114796 00 

_3_._114316 00 

1.760686-04 
1.750956-04 
1.742046-04 

- 1 . 0 1 5 7 4 6 - 0 5 
- 9 . 3 1 5 4 6 6 - 0 6 

_-8^_5_044_5E^0_6_ 

1.180676-04 
1.078926-04 
9 . 8JL9046-05 

-1.03663E-04 
-9.98596E-05 
-9.619696-05 

3.11482E 00 
3.114846 00 
3.114666 0_0_ 

1.733936-04 
1.72658E-04 
1.7199aE-04 

-7.72320E-G6 
-6.97062E-06 
-6.24565E-G6 

8.364846-05 
7.965286-05 
7.07909E-Q5 

-9.26666E-05 
-8.92668E-05 
-a.59917E-05 

3.11487E GG 
3.11489E 00 

1.71408E-G4 
1.7G387E-04 

-5.547286-06 
-4.874536-06 

6.236056-05 
5.42197E-05 

-6.283686-05 
-7.979766-05 
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Pr = 0,0300 (Contd,) 
1 F 

27.600 3._114916_00 J.7C433E-04 -4.226475-06 4.633726-05 -7.686996-06 
27.700 3.11493E 00 "1.766416-04 -3.60219E-G6 3.88421E-05 -7.404966-03 
27.800 3.11494E 00 1.69711E-04 -3.0OO82E-G6 3.167336-05 -7.13328E-05 
27.9PP__ 3...11.496_E go lj_b9±A0t-0',_ -2.42151E-06 2...45.722E-g5._.-6. 87 166E-05 
28.000 "~3."H4986''00 1.692266-04 -1.86345E-06 1.78275E-05 -6.61944E-05 



P r = 0.1000 

61 

0 . 
0.100 7.76326E-03 1.50777E-01 

1.64342E 
1.37421E 

2.75070E GO 
2.65G77E 00 

0.2PP 2.92811E-02 
0.300 6.20133E-02 
0.4P0 1.P3608E-01 

2.75339E-01 
3.753806-01 
4.52951E-P1 

.11987E OP 

.84397E-01 
6.708806-01 

2.55127t 00 
2.45259E 00 
2.3S507E 00 

-l.OGOOGE 00 

-9.915296-01 
-9.815806-01 
-9.683866-01 

0, 

n, 
n. 
0, 
0, 
1 

.500 

.600 

.700 

.800 

.9PP 

.OPO 

1. 
2. 
2. 
3. 
3. 
4, 

,51931E-0l 
,P5P90E-01 
,614396-01 
.19588E-01 
.783876-01 
.36913E-01 

6. 
5. 
5, 
5. 
5. 
5, 

.103596-01 
,500706-01 
,746076-01 
.864566-01 
.879806-01 
.813536-01 

4, 
3, 
1. 
6. 

-2. 
-1. 

,81402E-01 
,17036E-01 
,77865E-01 
,30655E-02 
.89540E-02 
.0G363E-01 

2. 
2. 
2. 
1, 
1, 
1, 

,259016 
,16468E 
.072306 
.982076 
.894136 
.308626 

00 
00 
00 
0 0 
00 
00 

-9. 
-9. 
-9, 
-6, 
-8. 
-8, 

,523546-01 
,338806-01 
.133376-01 
.91G74E-01 
,67409E-01 
.42634E-01 

I.100 4.9445PE-P1 
1.20P 5.504646-01 
l_.jgg_ 6.04571E-P1 

5.6861PE-P1 
5.511246-01 
5.305976-01 

-1.537036-01 
-1.916796-01 
-2.169766-01 

1.72563E 00 -8.170106-01 
1.646246 00 -7.907696-01 
1.56749E 00 -7.64116E-01 

1.40P 6.565176-01 
1.500 7.061486-01 
1.600 7.533906-01 

5.080676-01 -2.32119E-01 
4.a4435E-01 -2.39374E-01 
4.6G390E-01 -2.406916-01 

1.700 7.982296-01 
1.800 8.406946-01 
1.900 8.808436-01 

6 .100 
6 .200 
6 .300 

4.364416-01 -2.3769PE-G1 
4.129526-01 -2.316746-01 
3.901726-01 -2.23657E-01 

1.492426 00 
1.42005E 00 
1.35037E 00 

-7.37234E-U1 
-7.102806-01 

833946-01 
1.283366 GO -6.566966-01 
1.21902E 00 -6.3028BE-O1 
1.15729E GO -6.04264E-G1 

2.000 9.187676-01 
2.100 9.546286-01 
2.200 9.882536-01 
2.300 1.020046 00 
2.400 1.04998E 00 
7.500 1.07318E 00 

3.63262E-G1 -2.14406E-01 1.09ai5E GO -6.7a700E-01 
3.47313E-01 -2.044e6E-Gl 1.041546 00 -5.536616-01 
3.27373E-01 -1.94299F-01 9.a739eE-Ql -5.79703F-01 

2.6PP 1.10473E 00 
2.700 1.12973E 00 
7.800 1.153276 00 
2.900 1.175436 00 
3.000 1.196296 00 
3.100 1.21592E 00 

3.084536-01 -1.841246-01 
2.905426-01 -1.741476-01 
2.73613F-01 -1.64486E-01 

9.366756-Gl -5.053716-01 
8.363026-01 -4.822026-01 
8.39211F-01 -4.597256-01 

2.576326-01 
2.425576-01 
2.283456-01 

- 1 . 5 5 2 1 2 6 - 0 1 
- 1 . 4 6 3 6 2 6 - 0 1 
- 1 . 3 7 9 5 2 E - 0 1 

7 .943336-01 - 4 . 3 7 9 6 3 6 - 0 1 
7 .61594E-01 - 4 . 1 6 9 3 0 6 - 0 1 
7.109226-01 - 3 . 9 6 6 3 8 E - 0 J ^ 

2 .149516-01 
2 .02334E-01 
1.90448E-01 

-l.299a3E-01 
-1.22446E-01 
-1.15326E-01 

3.200 1.23440E 00 
3.300 1.25179E 00 
3.400 1.76ai6E GO 

1.79255E-01 -1.06607E-01 
1.68714E-01 -1.02270E-01 
1.587896-01 -9.6796GE-02 

6.72242E-G1 -3.77090E-O1 
6.35479E-01 -3.68288E-G1 
6.005606-01 -3.40227E-01 

-3.22902E-01 
-3.06302E-G1 

3.500 1.283576 00 
3.600 1.29807E 00 
3^700 1.31172E 00 

1.49444E-01 
1.406456-01 
1.373616-01 

-9.06653E-02 
-8.53594E-02 
-8.036076-02 

3.80P 1.324566 00 
3.900 1.33665E 00 
4.nnn i.34ao2E oo 
4.100 1.358726 00 
4.200 1.36879E 00 
4.300 1.373776 00 

1.245636-01 -7.565076-02 
1.172226-01 -7.121436-02 
1.103126-01 -6.703566-02 
1.038076-01 -6.309996-02 
9.768426-02 -5.93932E-02 
9.197176-02 -5.59074E-02 

4.400 1.38719E 00 
4.500 1.395586 00 
4.600 1.403486 GO 

8.64969E-02 -5.26152E-02 
8.13918E-02 -4.95197E-02 
7-658706-07 -4.660516-02_ 

4.700 1.41091E 00 
4.800 1.417906 00 
4.900 1.47448F GO 

7.20651E-02 -4.38607E-02 
6.780956-02 -4.127696-02 
6.380466-07 -3.884436-02 

5.674096-01 
5.359556-01 
6.061756-ni -7.904156-01 
4.778496-01 -2.752266-01 
4.510576-01 -2.607196-01 
4.76663F-01 -2-46a77F-01 
4.016606-01 -2.336796-01 
3.789266-01 -2.211076-01 
3.674196-01 -7.091416-01 
3.37079E-G1 -1.977586-01 

-1.869386-01 
-1 -766696-01 
-1.669016-01 
-1.576426-01 
-1-4RR616-01 
-1.405376-01 

2.228336-01 -1.326506-01 
7-099456-01 -1.251 

3.173486-01 
2-99673F-0 
2.824996-01 
2.662766-01 
7-5n966F-01 
2.364896-01 

5.000 1.430676 00 
5.100 1.436496 00 
6.700 1.441976 00 

6.003596-02 
5.648936-02 
5.315706-02 

-3.655426-02 
-3.439826-02 
-3-736»aF-Q? 

5.300 1.447136 00 
5.4PP 1.451986 PP 
5.600 1-46655F GO 

5.001166-02 -3.045846-02 
4.705666-02 -2.866026-02 
4.47761F-07 -2.696766-02 

1.977336-01 
1.863106-01 
1-764376-0 

5.600 1.460846 OG 
5.700 1.464886 00 
c,ann 1-46R69F GO 
5.900 1.472266 00 
6.000 1.475636 00 

4.165986-02 
3.919806-02 
3-688186-02 
3.470256-02 
3.265206-02 

-2.537456-02 
-2.387516-02 
-?-?464nF-0? 
-2.113596-02 
-1.988606-02 

-1.161116-01 
-1.114206-01 
-I -06090F-01 
-9.910446-02 
-9.344566-02 
-fl-an9RnF-02 
-8.304546-02 

1.476806 00 
1.481786 00 
1.484586 00 

6.400 1.487226 00 
6.500 1.489716 00 
6-600 1.492046 GO 

~6.700 1.494246 00 
6.800 1.496316 00 

3.072286-02 -1.370976-02 
2.890786-02 -1.760286-02 
2.720016-02 -1.656126-02 
2.569356-02 
2.408206-02 
2.265996-02 

-1.558106-02 
-1.465866-02 
-1.379066-02 

2.132216-02 
2.006356-02 

1.652806-01 
1.656566-01 
1-46681F-01 
1*380266-01 
1.299636-01 -7.827286-02 
1-72363F-01 -7.3766PF-02 
1.152016-01 -6.951096-02 
1.084536-01 -6.54946E-02 
1.020956-01 -6.170436-02 
9.610466-02 -5.312816-02 
9.04622E-02 -5.475446-02 
8.514746-02 -6.157236-02 
8.G1416E-G2 -4.65716E-02 
7.54274E-02 -4.5742GE-Q2 

-1.2974GE-02 
-1.22055E-02 

7.09879E-02 -4.30743E-02 
6.68074E-02 -4.05597E-02 
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Pr = 0.1000 (Contd.) 
•n F 

7.000 
7.100 
7.20P 
7.300 
7.400 
7.500 

8.200 
8.3P0 
8.4PP 

11.800 
11.900 
12.000 

1.49B26E 00 
1.50009E 00 
1.501816 00 
1.50343E 00 

1.88795E-02 
1.77'656E-02 
1.6717aE-02 
1.57320E-G2 

.jll. 14324E-G2 
-1.030216-02 
-1.0162OE-O2 
-9.559636-03 

6.28711E-02 
5.916496-02 
6.667566-02 

___6j_2 3_M6_6.zC_2__ 
1.604966 00 
1.506406 00 
1.50775E 00 

1.480466-02 
1.393236-02 
1.311166-02 

-8.993016-03 
-8.459856-03 
-7.958236-03 

4.929826-02 
4.638716-02 
4.364696-02 

7.600 
7.700 
7.800 

1.509026 00 
1.510226 00 
1.511346 00 

1.233966-02 
1.161346-02 
1.093036-02 

-7.486296-03 
-7.042276-03 
-6.62453E-03 

4.106766-02 
3.863996-02 
3.6_3 550_E-g_2__ 

7.900 
8.000 
8.100 

1.612406 00 
1.51340E 00 
1.514346 GO 

1.028776-02 
9.683226-03 
9.114616-03 

-6.231526-03 
-5.86178E-03 
-5.51393E-03 

3.420446-02 
3.218056-02 
3.027576-02 

1.515236 00 
1.516066 00 
1.51664E 00 

8.579746-03 
8.076636-03 
7.603376-03 

-5.1866aE-03 
-4.a7881E-03 
-4.5a918E-03 

2.848326-02 
2.67963E-G2 
2.520B9E-Q2 

3.81896 
3.59569 
3.38511 
3.18679 

9999 
B2394 
65814 
5019B 
36491 
21640 
08598 
96316 

1,84753 
1.73865 
1.63615 
l._5_39_66 

0 2 
02 

E-02 
6-02 
6-02 
E-G2 
E-02 
E-02 
E-C2 

02 
6-02 
6-02 
E-02 
E-02 
6-0 2 

02 
8. ,500 
8.600 
8. .700 
8.800 
8. 
9. 
9. 
9, 
9, 

.900 

.000 
,100 
.200 
,300 

9.400 
9. 
9, 
9, 
9. 
9. 

10, 
10, 
10, 

.500 

.600 

.700 

.300 

.900 

.000 

.100 

.200 

1. 
1, 
1. 
1, 
1. 
1. 
1. 
1. 
1 , 
1. 
1, 
1, 
1, 
1, 
I, 
1, 
1, 
1, 

.517536 

.518276 

.518936 

.619546 

.520126 

.520676 

.521196 

.521676 

.522136 

.522666 

.52296E 

.52334E 

.523706 

.52404E 

.524366 

.524666 

.524966 

.525216 

00 
00 
00 
00 
00 
00 
00 
00 

on 
GO 
00 
00 
00 
00 

on 
00 
00 
00 

7. 
6. 
6. 
5. 
5, 
5, 
4, 
4, 
4. 
4, 
3, 
3. 
3, 
3. 
3, 
2, 
2, 
2, 

.153226-03 
,73950E-03 
,345646-03 
.975186-03 
,626726-03 
.298966-03 
.990686-03 
.7O073E-G3 
.42800E-03 
.171496-03 
.930236-03 
.70332E-03 
.48991E-03 
.289196-03 
.100416-03 
.922886-03 
.75591E-03 
.598886-03 

-4. 
-4. 
-3. 
-3. 
-3. 
-3. 
-2. 
-2. 
-7. 
-2, 
-2, 
-7, 
-2. 
-1. 
-1 . 
-1. 
-1. 
-1. 

,316706-03 
.060376-03 
.819226-03 
,59237E-03 
,37896E-03 
,17819E-03 
,98933E-03 
,81166E-03 
,64452E-03 
,48730E-03 
,33939E-03 
,20025E-03 
,06937E-03 
.94624E-03 
.63042E-03 
,72147E-03 
.61897E-03 
,52256E-03 

2. 
2, 
2, 

,37151E-02 
,230946-02 
,098686-02 

1.974226-02 
1. 
1. 
1, 
1, 
1. 
I, 
1. 
1. 
1, 
1. 
1, 
9, 
8. 
8. 

,867116-02 
,746926-02 
.643266-02 
,64570E-02 
.45392E-02 
.36757E-02 
.28632E-02 
,2098BE-02 
,13797E-02 
.07031E-02 
.00666E-02 
,46766E-03 
.90425E-03 
,37421E-03 

-1. 
-1, 
-1 . 
-1, 
-1. 
-1 , 
-1. 
-9. 

-a. 
-8, 
-7. 
-7, 
-6. 
-6. 
-6. 
-6. 
-5, 
-5, 

,448B3E-02 
.36332E-02 
,2B2B3E-02 
,20708E-02 
.13577E-02 
.06866E-02 
.0065GE-O2 
,46059C-03 
.901166-03 
.374746-03 
.87933E-03 
.41315E-03 
.97446E-03 
.66167E-03 
, 17325E-03 
,80776E-03 
.46387E-03 
,14G29E-03 

10. 
10, 
10, 
10. 
IP. 
10, 

.300 
,400 
.600 
,600 
.700 
.800 

10.900 
11. 
11. 
11. 
11. 
11. 
11. 
11. 
11, 

.OOP 

.100 
,200 
.300 
.400 
.500 
.600 
,700 

1. 
1. 
1 , 
1, 
1, 
1. 
1, 
1, 
1 , 
1. 
I. 
1, 
1, 
1, 
1, 

,525476 
,525706 
.52593E 
.52614E 
.52634E 
.52653E 
.526716 
.526886 
.627036 
.527186 
.527336 
.527466 
.527596 
.527716 
.52782E 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
GO 
00 
GO 
00 

2, 
2. 
7. 
2. 
1. 
1 . 
1, 
1, 
1 . 
1. 
1, 
1, 
1, 
1, 
1, 

,451206-03 
,31233E-03 
.1B172E-03 
.05S91E-03 
,943426-03 
,834816-03 
.732696-03 
.63666E-03 
.54636E-G3 
.461466-03 
.381646-03 
.306586-03 
.236026-03 
.16966E-G3 
.10731E-03 

-1. ,431866-03 
-1.346556-03 
-1. ,26629E-03 
-1.190806-03 
-1, 
-1, 
-9, 
-9, 
-8. 
-8, 
-7, 
-7, 
-6, 
-6, 
-6, 

,11978E-03 
.052966-03 
.901426-04 
.310316-04 
.764266-04 
.231216-04 
.73919E-04 
.27636E-04 
.84099E-04 
.43146E-04 
.04623E-04 

7, 
7. 
6, 
6, 
6, 
6, 
6. 
5. 
4, 
4, 
4, 
4, 
3. 
3, 
3, 

,87556E-03 
,40644E-03 
.96511E-03 
.54993E-03 
. 1593 5E-0 3 
.79192E-03 
.44626E-03 
, 121086-03 
.81618E-03 
.52742E-03 
.25671E-03 
,00206E-03 
,76249E-03 
.53713E-03 
.32614E-03 

-4, 
-4, 
-4, 
-4, 
-3. 
-3, 
-3, 
-3, 
-?, 
-2, 
-2, 
-7, 
-2, 
-2, 
-7, 

,83664E-03 
,64939E-03 
.27986E-03 
.0263CE-03 
.76773E-03 
.56327E-03 
.352096-03 
. 153416-03 
.96649C-03 
.79064E-G3 
.62520E-C3 
,46956E-03 
.3231-4E-03 
.18539E-03 
.055806-03 

1.52793E 00 
1.62B03E 00 
1.52B13E 00 

1.04868E-03 
9.93558E-G4 
9.4174aE-G4 

-5.68366E-04 
-5.34299E-04 
-5.022356-04 

3.125726-03 
2.93812E-03 
2.76166E-03 

-1.93389 
-1.81920 
-1.71131 

6-03 
03 
03 

12.100 
12.200 

1.526226 00 
1.528316 00 

8.930466-04 
8.472746-04 

-4.720746-04 
-4.437036-04 

2.595656-03 
2.439496-03 

-1.60981 
-1.51433 

6-03 
6-03 

12.300 
12.400 
12.500 

1.523396 00 
1.523476 00 
1.628546 GO 

8.042516-04 
7.638186-04 
7.258196-04 

-4.170156-04 
-3.919116-04 
-3.682976-04 

2.29259E-03 
2.164416-03 
2.024426-03 

-1.4245C 
-1.34001 
-1.26052 

6-03 
6-0 3 

03 
12.600 
12.700 
12.800 

1.528616 00 
1.528686 00 
1.628756 00 

6.901126-04 
6.565596-04 
6.25D32E-G4 

-3.46Ga5E-04 
-3.25190E-04 
-3.05536E-04 

1.902156-03 
1.787136-03 
1.67B936-03 

-1.18574 
-1.11540 
-1.04923 

6-03 
03 

6-03 
12.900 
13.GPP 
13.IPO 

1.528816 00 
1.62886E 00 
1.52892E 00 

5.95413E-04 
5.675B6E-04 
6.414476-04 

-2.870486-04 
-2.59666E-04 
-2.53300E-G4 

1.577156-03 
1.481416-03 
1.391356-03 

-9.86977 
-9.28420 
-a.73335 

6-04 
04 

6-04 
13.200 
13.300 
13.400 

1.528976 00 
1.629026 00 
1.52907E 00 

5.16B94E-04 
4.93a34E-04 
4.72177E-04 

-2.37912E-04 
-2.2343BE-04 
-2.09824E-04 

1.306646-03 
1.226956-03 
1.151986-03 

-6.21517 
-7.72773 
-7.26919 

E-04 
6-04 
6-0 4 

13, 
13, 
13. 

.500 

.600 

.700 

1.529126 
1.529166 
1.529206 

00 
00 
00 

4.51842E-04 
4.32749E-G4 
4.148246-04 

-1.970176-04 
-1.84970E-G4 
-1.73639E-04 

1.08147L-03 
1.01514E-03 
9.627496-04 

-6.837366-04 
-6.432106-04 
-6.060426-04 
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Pr = 0.1000 (Contd.) 
V P 

13.8PP 
13.9PP 
_14.P00 
14.100 
14.200 

J.4,3.0_q_ 
14.400 
14.5P0 

1 4 j 6 0 0 
14.700 
14.800 
14.900 

1.529256 00 
1.529286 00 
_1 .529326 00 

3 .979996-04 
3 .822076 -04 
3 .673866 -04 

1.52936E 00 
1.529396 OP 

J_,5.2.943t_g.g__ 

3 .53484E-04 
3 .40440E-04 
3 .28206E-04 

-1.629806-04 
-1.529546-04 
.̂ lj.43_5 2.2 6^04 
-1.346516-04 
-1.263076-04 
-1.184576-04 

B.940586-04 
8.38850E-0<t 
7.869186-04 

-6.69138E-04 
-5.35363E-04 
-5.03693E-04 

7.360696-04 
6.92118E-G4 
6.4e894E-04 

1.52946E 00 
1.52949E 00 
1.52952E 00 

3.16733E-04 
3.05977E-04 
2.95894E-04 

-1.11074E-04 
-1.04129E-O4 
-9.759626-05 

6.P8236E-G4 -3 
5.699906-04 -3 
5.340156-04 -3 

1.529556 00 
1.529586 00 
1.52960E 00 

2.864456-04 
2.77691E-04 
2.69299E-04 

-9.14513E-P5 
-8.56711E-P5 
-8.02341E-05 

5.00175E-04 
4.68343E-04 
4.38400E-04 

4.73707E-04 
4.45594E-04 

-4.19149E-04 
-3.94273E-04 
-3.708736-04 
3..4886.2E-g.4._ 

-3.2B156E-04 
-3.08679E-04 
:r.2.t9g3_lB__El-^A._ 

15.000 
15.100 
15.200 
15.3P0 
15.400 
15.500 

1.52963E 00 
1.52966E 00 
1.52968E 00 

2.61534E-04 
2.54265E-04 
2.47462E-04 

-7.511996-05 
-7.03093E-05 
-6.57843E-G5 

4.10235E-04 
3.837416-04 
3.58820E-04 

-2.73124E-04 
-2.569136-04 
-2.416646-04 

1.529716 00 
1.529736 00 
1.52975E 00 

2.410996-04 
2.351486-04 
2.29586E-04 

-6.15279E-05 
-5.75243E-05 
-5.37583E-05 

3.353786-04 
3.13328E-04 
2.925876-04 

-2.273196-04 
-2.13B26E-04 
-2.011346-04 

15.6PP 
15.70P 
15.800 

1.529786 00 
1.52980E 00 
1.529826 00 

2.243896-04 
2.195366-04 
2.150066-04 

-5.02159E-05 
-4.68838E-05 
-4.374956-05 

2.730766-04 
2.547246-04 
7.374616-04 

-1.89195E-04 
-1.77964E-04 
-1.674006-04 

15.900 
16.OOP 
16.100 

1.529846 00 
1.52986E 00 
1.52988E 00 

2.107aPE-04 
2.068406-04 
7.031696-04 

-4.080146-05 
-3.8O283E-05 
-3.54198E-05 

2.21223E-04 
2.05949E-04 
1.91531E-04 

-1.57463E-04 
-1.4S116E-04 
-1.393736-04 

16.20P 
16.30P 
16.400 

1.529906 PP 
1.529926 00 
1.52994E 00 

1.997516-04 
1.96571E-04 
1.936146-04 

-3.296626-05 
-3.06582E-05 
-7.646736-05 

1.78P67E-04 
1.65355E-04 
1.533976-04 

-1.31052E-04 
-1.23273E-G4 
-1.159646-04 

16.500 
16.600 
16.700 
16.800 
16.900 
17.000 
17.100 
17.200 
17.30P 
17.400 
17.500 
17.600 
17.7P0 
17.SPP 
17.90P 
18.POO 
18.100 
18.700 
18.300 
18.400 
18.500 
18.600 
18.700 
18.800 
18.900 
19.000 

1.52996E 00 
1.529986 00 
1.530006 00 

1.908696-04 
1.883216-04 
1.859606-04 

-2 .64454E-05 
-2 .452466 -05 
- 7 . 7 7 1 7 9 6 - 0 5 

1.421496-04 
1.315696-04 
1 .716176-04 

,09071E-04 
,026966-04 
,660496-06 

1.53002E OP 
1.53PP46 PP 
1.63QQ5E 00 

1.83774E-04 
1.817536-04 
1 .798876-04 

-2.10185E-05 
-1.94199E-05 
-1.791636-05 

1.122566-04 
1.034516-04 
9.516836-05 

-9.077676-05 
-8.538656-05 
-8.031776-05 

1.530076 00 
1.53009E 00 
1.530116 00 

1.781676-04 
1.766846-04 
1.761306-04 

-1.650206-05 
-1.51717E-05 
-1•397036-05 

8.73774E-05 
8.00491E-05 
7.315596-05 

-7.554686-05 
-7.106356-06 
-6.634446-05 

1.53P12E 00 
1.53014E 00 
1.53016E 00 

1.737976-04 
1.725796-04 
1.714686-04 

-1.274336-05 
-1. 163616-05 
-1.059476-05 

6.667196-05 
6.057286-05 
5.483596-06 

-6.287566-05 
-5.914266-05 
-5-663146-05 

1.530186 00 
1.530196 00 
1.530216 00 

1.704586-04 
1.695436-04 
1.687176-04 

-9.615136-06 
-a.693736-06 
-7.877056-06 

4.943966-05 
4.436376-05 
3-968976-05 

1.530236 00 
1.530246 00 
1.530766 00 

1.679766-04 
1.673136-04 
1.667756-04 

-7.011626-06 
-6.245016-06 
-6.673746-06 

3.509816-05 
3.087376-05 
7.69nn?F-05 

-5.232846-06 
-4.922156-05 

-4.355006-05 
-4.096426-05 
-3.B5370F-05 

1.530286 00 
1.530296 OP 

1.662076-04 
1.657556-04 

-4.845296-06 
-4.207146-06 

2.316256-05 
1.964686-06 

-3.624416-05 
-3.409206-05 

1.530316 00 
1.530336 00 
1.530346 00 

1.653646-04 
1.650326-04 
1.647556-04 

-3.606866-06 
-3.042266-06 
-2.511186-06 

1.633996-05 
1.322936-05 
1.030346-05 

-3.206786-05 
-3.016366-05 
-2.837266-05 

1.530366 00 
1.530386 00 
1.530396 00 

1.645296-04 
1.643526-04 
1.642206-04 

-2.011636-06 
-1.541766-06 
-1.099786-06 

7.551216-06 
4.962466-06 
2.527446-06 

-2.668796-06 
-2.510326-05 
-2.361256-05 
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0 . 
0 .100 
0.200 
0.300 
0.400 

3.387826-03 6.557986-02 
7.219606-01 
5.913626-01 

1.357406 00 
1.257666 00 

1.269856-02 
2.673566-02 
4.441716-02 

1.186396-01 
1.602986-01 
1.917256-01 

4.71677E-G1 
3.634566-01 
2.67G52E-01 

1.158686 00 
1.061666 00 
9.67369E-G1 

-l.OOGGCE 00 
^._9 5166 6-01 
"-9.809626-01 
-9.579096-01 
-9.266986-01 

0.500 
0.600 
0.700 

6.477906-02 
8.697596-02 
1.102796-01 

2.141056-01 
2.236196-01 
2.364166-01 

1.825246-01 
1.096796-01 
4.808326-02 

8.765676-01 
7.899346-01 
7.080316-01 

- 8 . 8 8 2 1 2 6 - 0 1 
- 8 . 4 3 6 1 6 6 - 0 1 
- 7 . 9 3 8 2 6 6 - 0 1 

0 .800 
0 .900 
1.000 

1.340726-01 
1.578446-01 
1.811846-01 

2.385916-01 
2.361706-01 
2.300916-01 

-2.372886-03 
-4.399166-02 
-7.61729E-02 

6.312926-01 
5.600196-01 
4.943816-01 

-7.404506-01 
-6.847276-01 
-6.279556-01 

1.100 
1.200 
1.300 

2.037696-01 
2.253556-01 
2.457706-01 

2.212006-01 
2.102436-01 
1.97B646-01 

-1.003966-01 
-1.176726-01 
-1.290066-01 

4.344236-01 
3.800746-01 
3.311686-01 

-5.713356-01 
-5.159246-01 
-4.626036-01 

1.400 
1.500 
1.600 

2.648996-01 
2.82677E-01 
2.990826-01 

1.846086-01 
1.70927E-01 
1.571656-01 

-1.353646-01 
-1.37653E-G1 
-1.36696E-01 

2.874606-01 
2.466466-01 
2.143806-01 

-4.120626-01 
-3.646026-01 
-3.211446-01 

1.700 
1.800 
1.900 

3.141226-01 
3.278316-01 
3.402636-01 

1.436716-01 
1.306026-01 
1.161386-01 

-1.332276-01 
-1.278866-01 
-1.212196-01 

1.842916-01 
1.560026-01 
1.351356-01 

-2.812546-01 
-2.46161E-01 
-2.127896-01 

2.000 
2.100 
2.200 

3.514836-01 
3.615666-01 
3.705946-01 

1.063876-01 
9.541876-02 
8.626656-02 

-1.136796-01 
-1.066396-01 
-9.739296-02 

1.163266-01 
9.622726-02 
8.351756-02 

-1.839616-01 
-1.586246-01 
-1.361666-01 

2.300 
2.400 
2.500 

3.786476-01 
3.658096-01 
3.921596-01 

7.593936-02 
6.742546-02 
5.969836-02 

-6.917216-02 
-8.115036-02 
-7.345366-02 

7.089976-02 
6.010476-02 
6.089066-02 

-1.166386-01 
-9.966566-02 
-8.497746-02 

2.600 
2.700 
2.300 

3.977736-01 
4.027266-01 
4.070856-01 

5.272096-02 
4.644896-02 
4.083396-02 

-6.616906-02 
-5.935196-02 
-5.303266-02 

4.304176-02 
3.636826-02 
3.070306-02 

-7.231446-02 
-6.143396-02 
-5.21126E-G2 

2.900 
3.000 
3.100 

4.109136-01 
4.142696-01 
4.172056-01 

3.562546-02 
3.137276-02 
2.742596-02 

-4.722196-02 
-4.191606-02 
-3.710036-02 

2.590056-02 
2.183436-02 
1.639536-02 

-4.414776-02 
-3.735716-02 
-3.157936-02 

3.200 
3.300 
3.400 

4.197696-01 
4.220066-01 
4.239546-01 

2.393706-02 
2.066076-02 
1.315426-02 

-3.275276-02 
-2.884596-02 
-2.534996-02 

1.548966-02 
1.303616-02 
1.096636-02 

-2.667166-02 
-2.260966-02 
-1.393446-02 

3.500 
3.60P 
3.700 

4.256486-01 
4.271196-01 
4.283966-01 

1.577606-02 
1.369606-02 
1.187466-02 

-2.223306-02 
-1.946346-02 
-1.7G09B6-02 

9.221186-03 
7.750566-03 
6.511866-03 

-1.600196-02 
-1.348136-02 
-1.135286-02 

3.800 
3.900 
4 .000 

4.295026-01 
4.304596-01 
4.312876-01 

1.028456-02 
8.897896-03 
7.690606-03 

-1.484196-02 
-1.293126-02 
-1. 125096-02 

5.468936-03 
4.691166-03 
3.852576-03 

- 9 . 6 6 6 6 9 6 - 0 3 
- 8 . 0 4 2 1 6 6 - 0 3 
- 6 . 7 6 6 7 4 6 - 0 3 

4.100 
4.200 
4.300 

4.320036-01 
4.326206-01 
4.331526-01 

6.640856-03 
5.729236-03 
4.938606-03 

-9.776366-03 
-8.484746-03 
-7.355316-03 

3.231306-03 
2.708816-03 
2.269496-03 

-5.690636-03 
-4.785196-03 
-4.023166-03 

4.400 
4.500 
4.600 

4.336116-01 
4.340066-01 
4.343466-01 

4.253396-03 
3.660436-03 
3.147746-03 

-6.369286-03 
-5.509716-03 
-4.761406-03 

1.900156-03 
1.589706-03 
1.326786-03 

-3.381966-03 
-2.842576-03 
-2.388936-03 

4.700 
4.800 
4.900 

4.346366-01 
4.348896-01 
4.351046-01 

2.704896-03 
2.322736-03 
1.993256-03 

-4.11P7a6-P3 
-3.64576E-P3 
-3.055626-03 

1.109516-03 
9.252616-04 
7.704476-04 

- 2 . 0 0 7 4 9 6 - 0 3 
- 1 . 6 8 6 8 1 6 - 0 3 
- 1 . 4 1 7 2 6 6 - 0 3 

5.000 
5.100 
5.200 

4.352896-01 
4.3544BE-01 
4.355636-01 

1.709436-03 
1.465176-03 
1.255146-03 

-2.630886-03 
-2.263176-03 
-1.945126-03 

6.403776-04 
5.311026-04 
4.393026-04 

-1.190706-03 
-1.000316-03 
-8.40326E-04 

5.300 
5.400 
5.500 

4.357006-01 
4.357996-01 
4.358846-01 

1.074716-03 
9.198386-04 
7.870396-04 

-1.670266-03 
-1.432916-03 
-1.22812E-G3 

3.621866-04 
2.974076-04 
2.42993E-04 

-7.06898E-04 
-5.92956E-04 
-4.9807GE-04 

5.600 
5.700 
-5.800 

4.35957E-01 
4.360206-01 
4.360736-01 

6.732746-04 
5.759176-04 
4.92693E-04 

-1.05164E-G3 
-8.993336-04 
-7.68374F-04 

1.972886-04 
1.588976-04 
1.266526-04 

-4.183586-04 
-3.513966-04 
-2.951466-04 

5.900 
6.OPO 

4.36118E-01 
4.361686-01 

4.216346-04 
3.610416-04 

-6.556306-04 
-5.56663E-G4 

9.95684E-05 
7.682086-05 

-2 .47897E-04 
-2 .08209E-04 

6.1PP 
6.2PP 
6.3PP 

4.36191E-01 
4.3622GE-G1 
4.36244E-G1 

3.094486-04 
2.655676-04 
2.263696-04 

-4.753136-04 
-4.037066-04 
-3.422196-04 

5.771516-05 
4.166846-05 
2.819126-05 

- 1 .748736 -04 
-1 .468736 -04 
-1 .233566 -04 

6 .400 
6 .500 
6 .600 

4.362666-01 
4.362846-01 
4.363006-01 

1.968536-04 
1.702306-04 
1.47a046-04 

-2.894466-04 
-2.441746-04 
-2.053546-04 

1.667206-05 
7.365306-06 

-6.190026-07 

-1.036036-04 
-8.701256-05 
-7.307856-05 

6.700 
6.800 

4.363146-01 
4.36326E-01 

1.289756-04 
1.132296-04 

-1.720806-04 
-1.436736-04 

-7.324706-06 
-1.295656-06 

-6.137566-05 
-5.154676-06 
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6.900 4.363366-01 1.00124E-04 -1.19156E-04 -1.768646-P5 -4.32916E-G5 
7.000 
7.100 
7.200 

4.36346E-01 
4.36354E-01 
4.36362E-01 

8.92801E-P5 
8.P3721E-g5 
7.312P4E-05 

-9.B2562E-05 
-8.P3685E-05 
-6.50655E-05 

-2.16589E-05 
-2.49951E-05 
-2.77970E-05 

-3.63585E-06 
-3.053566-05 
-2.564526-05 

7.300 
7.400 
7.500 

4.36369E-01 
4.36375E-01 
4.363816-01 

6.72852E-05 
6.26615E-05 
5.90732E-05 

-5.197836-P5 
-4.P7896E-05 
-3.12270E-P5 

-3.015026-05 
-3.212656-05 
-3.378636-05 

-2.153806-05 
-1.808666-05 
-1.51916E-05 

7.600 
7.700 
7.800 

4.36387E-01 
4.36393E-01 
4.36398E-01 

5.636976-05 
5.44221E-05 
5.312P2E-P5 

-2.30566E-05 
-1.60779E-05 
-1.011866-05 

-3.51803E-05 
-3.63510E-05 
-3.73342E-05 

-1.27586E-05 
-1.07152E-P5 
-8.99910E-06 

7.900 
8.000 

4.36403E-01 
4.36409E-P1 

5.23694E-05 
5.20891E-05 

-5.03130E-06 
-6.89492E-07 

-3.816006-05 
-3.B8535E-05 

-7.55787E-06 
-6.34746E-06 

o. 
0.100 1.40822E-03 2.696B9E-P2 

3.P6390E-01 
2.34664E-01 

7.67460E-01 -l.OOOOOE 00 
6.67853E-G1 -9.88215E-01 

0'.200 5.17144E-03 
0.300 1.06724E-02 
0.400 1.73916E-02 

4.72671E-02 
6.18e75E-02 
7.1765BE-02 

1.7296PE-01 
1.21044E-01 
7.84164E-02 

5.70600E-01 
4.77999E-01 
3.921466-01 

-9.529926-01 
-8.95503E-P1 
-8.18652E-P1 

0.500 2.49021E-02 
0.600 3.28622E-02 
0.700 4.10068E-02 
0.800 4.91353E-P2 
0.900 5.71066E-02 
1.000 6.481826-02 
1.100 7.22070E-P2 
1.200 7.92354E-02 
1.300 8.58854E-02 
1.400 9.21530E-02 
1.500 9.80436E-02 
1.600 1.03569E-01 

7.78557E-P2 
8.P9075E-02 
8.16531E-P2 

4.43359E-02 
1.78870E-02 
-1.96529E-03 

3.147596-01 
2.470116-01 
1.894496-01 

-7.271286-01 
-6.269206-01 
-5.244716-01 

8.06984E-02 
7.854286-02 
7.558426-02 
7.21299E-02 
6.8408BE-02 
6.4S86PE-02 

-1.62963E-02 
-2.61546E-P2 
-3.25P7PE-P2 

1.41991E-P1 
1.P4P146-01 
7.44986E-02 

-4.25754E-01 
-3.35520E-G1 
-7.56881E-01 

-3.62012E-02 
-3.79478E-02 
-3.831B0E-02 

5.22017E-U2 
3.58109E-02 
2.4071BE-02 

-1.91265E-01 
-1-.38655E-01 
-9.799066-02 

6.077626-02 
5.705536-02 
5.34711E-P2 

-3.7754PE-02 
-3.65858E-02 
-3.50519E-02 

1.5a70OE-O2 
1.027266-02 
6.636246-03 

-6.76008E-02 
-4.56839E-02 
-3.QQ338E-02 

1.700 1.08743E-01 
1.800 1.13585E-01 
1.900 1.1B112E-01 

5.00515E-02 
4.68102E-02 
4.37520E-02 

-3.33188E-P2 
-3.14992E-P2 
-7.96667E-02 

4.P9371E-03 
2.52802E-03 
1.54272E-03 

-1.94566E-02 
-1.234656-02 
-7.696106-03 

2.000 1.223416-01 
2.100 1.26293E-01 
2.200 1.29982E-01 

4.P8757E-P2 
3.81764E-P2 
3.56471E-P2 

-2.7867eE-P2 
-2.613P2E-P2 
-7.44694E-P2 

9.33321E-04 
5.624856-04 
3.407466-U4 

-4.717576-03 
-2.846636-03 
-1.697476-03 

2.300 1.334276-01 
2.400 1.366436-01 
2.500 1.39645E-01 

3.32797E-02 
3.10656E-02 
2.89962E-02 

-2.26929E-02 
-2.14033E-02 
-7.nnQ02E-02 

2.039676-04 
1.324696-04 
a.847186-05 

-9.922286-04 
-5.74P30E-G4 
-3.77862E-G4 

2.600 1.42447E-01 
2.700 1.450626-01 
2.800 1.475036-01 
2.900 1.49780E-01 
3.000 1.51906E-01 
3.100 1.53890E-01 

2.706286-02 -1.868126-02 6.348566-05 
2.525726-02 -1.74434E-02 4.94750E-05 
2.35715F-02 -1.67828E-0? 4.17228E-G5 
2.19982E-P2 -1.61956E-02 3.74975E-G5 
2.053G1E-02 -1.41778E-02 3.62373E-05 
1.916056-0? -1.377656-02 3.405976-05 

3.200 1.55741E-01 
3.300 1.574696-01 
3.400 1.59082E-01 

l,78830E-02 
1.66916E-02 
1.55607E-02 

-1.23349E-02 
-1.15023E-G2 
-1-077476-02 

3.34717E-05 
3.32006E-06 
3.309706-06 

-l.a491GE-04 
-1.02948E-04 
-5.6516eE-05 
-3.05141E-05 
-1.611486-05 
-8.731436-06 
-3.96739E-06 
-1.694636-06 
-6-056366-07 

3.500 1.605886-01 
3.600 1.619936-01 
3.700 1-633066-01 

1.454506-02 
1.357966-02 
1•76798E-02 

-9.99736E-03 
-9.31853E-03 
-8.634746-03 

3.308026-05 
3.310676-05 
3-31536F-05 

9.976256-08 
3.936946-07 
5.737766-07 

3.800 1.64531E-01 
3.900 1.656766-01 
4.000 1.667456-01 

1.18412E-02 
1.10599E-02 
1.03318E-02 

-8.093166-03 
-7.64112E-03 
-7.n?610E-03 

3.32087E-05 
3.32660E-05 
3-33773F-G5 

5.68908E-G7 
5.71230E-07 
6.57784E-07 



66 

0. 
0.100 
0.200 
0.300 
0.400 
0.500 
0.600 
0.700 
0.800 
0.900 
1.000 
1.100 
1.200 
1.300 
1.400 
1.500 
1.600 
1.700 
1.800 
1.900 
2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.700 
2.SOP 
2.900 
3.000 
3.100 
3.200 
3.300 
3.400 

0. 
5. 
1. 
3. 
A. 
8. 
1. 
1 . 
1. 
1. 
7. 
2. 
2. 
7. 
2, 
3. 
3. 
3. 
3. 
3. 
3, 
4, 
4, 
4. 
4. 
4. 
4, 
4, 
5, 
5, 
5. 
5, 
5, 
5, 
5, 

57549E-04 
96933E-03 
,91552E-03 
16395E-03 
.556636-03 
,09936E-P2 
,3416PE-P2 
,57929E-02 
,810926-02 
,035906-02 
,254076-02 
,465496-02 
^670306-02 
,868676-02 
,060786-02 
,24681E-02 
,42693E-02 
,60132E-02 
,770126-02 
.933526-02 
.09166E-02 
.24471E-02 
.392806-02 
.536G8E-02 
.67470E-02 
.80879E-02 
. 93849E-02 
.06392E-02 
.18521E-02 
.302486-02 
.415866-02 
.525456-02 
.631386-02 
.733746-02 

0. 
1. 
1, 
2. 
2. 

.P458P6-P2 
,7246PE-P2 
.129316-02 
,34150E-P2 

2.427476-02 
2.436766-P2 
2.40325e-P2 
2. 
2. 
2, 
2, 
2, 
2. 
1. 
1. 
1, 
1, 
1, 
1. 
1, 
1, 
1, 
1, 
1. 
1, 
1. 
1. 
1 
1, 
1, 
1, 
I 
1 
1 

,348146-02 
,283546-02 
,215746-02 
.147776-02 
.080906-02 
.015636-02 
.952136-02 
.390416-02 
,830466-02 
.772236-02 
.715686-02 
.660766-02 
.607456-02 
.555636-02 
.505426-02 
.456646-02 
.409286-02 
.363326-02 
.318716-02 
.275426-02 
.233406-02 
.192626-02 
.153066-02 
.11466E-P2 
.077406-02 
.041256-02 
.006176-02 

1. 
8. 
5. 
2, 
1. 
4. 

-1. 
-4. 
-6. 
-6. 
-6. 
-6. 
-6. 
-6. 
-6. 
-6. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-4. 
-4. 
-4. 
-4. 

.262006-01 

.461416-02 

.270466-02 
,960286-02 
,394266-02 
.075366-03 
,658166-03 
,696076-03 
,129346-03 
,690866-03 
,820396-03 
,755206-03 
,611066-03 
.439336-03 
,260766-03 
,063006-03 
,908636-03 
.738406-03 
,572496-03 
,410896-03 
,253546-03 
,100366-03 
,951326-03 
,806306-03 
,665246-03 
,528056-03 

-4.394676-03 
-4.265016-03 
-4.139006-03 
-4, 
-3. 
-3. 

,016566-03 
.897626-03 
,732096-03 

-3.669896-03 
-3.560966-03 
-3.455216-03 

4, 
3, 
2. 
1, 
1, 
7, 
4. 
2, 
1, 
4, 
2, 

.656606-01 

.666526-01 

.73617E-P1 

.921076-01 

.260916-01 

.693796-02 

.353276-02 

.283346-02 

.106736-02 

.970506-03 

.079096-03 
8.218056-04 
3.196496-04 
1.352486-04 
7, 
5, 
4, 
4. 
4, 
4, 
4. 
4! 
5. 
5, 
5. 
5, 
5, 
5. 
5, 
5, 
5. 
5, 
5. 
5, 
6, 

.308006-05 

.403806-05 

.698026-06 

.606596-05 
,631596-05 
,330566-05 
,932916-05 
1983416-05 
,031096-05 
,075986-05 
.118286-05 
.158196-05 
,195906-05 
.231596-05 
.265406-05 
.297476-05 
.327926-06 
.356866-05 
.384396-05 
.410586-06 
.435546-05 

-1, 
-9, 

-a 
-7, 
-5, 
-4, 
-2, 
-1, 
-8, 
-4, 
-1, 
-7, 
-2, 
-1, 
-3, 
-9. 
-2. 
-8, 
4, 
5, 
5, 
4, 
4. 
4. 
4. 
3. 
3, 
3, 
3. 
3, 
2, 
2, 
2. 
2, 
2, 

.000006 GO 

.701406-01 

.810816-P1 

.423296-Pl 

.756236-01 

.P86Pa6-01 

.647786-01 

.565016-01 

.442296-02 

.162146-02 

.878766-02 

.779286-03 
,959296-03 
.034296-03 
.304876-04 
.426136-05 
.141266-05 
.806476-07 
.253846-06 
.225326-06 
.175356-06 
.912226-06 
,625956-06 
.355686-06 
.106826-06 
.878126-06 
.66740 6-06 
.472646-06 
.292086-06 
.124216-06 
.967746-06 
.821566-06 
.684696-06 
,556306-06 
.436636-06 

3.500 
3.600 
3.700 
3.800 
3.900 
4.000 

5.832656-02 
5.926206-02 
6.020506-02 
6.109666-02 
6.195736-02 
6.278846-02 

9.721376-03 
9.391126-03 
9.070686-03 
8.769766-03 
8.468076-03 
8.165346-03 

-3.352576-03 
-3.252976-03 
-3.156326-03 
-3.062666-03 
-2.971626-03 
-2.aa341E-03 

5.459326-05 
5.482006-05 
5.503646-05 
5.524296-05 
5.544026-05 
5.562866-06 

2.322046-06 
2.214946-06 
2.113816-06 
2.018196-06 
1.927656-06 
1.841846-06 
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APPENDIX II 

INTEGRATION OF EQ. (43) 

Since a se r i es solution is required in the analysis , the integration 
can be ca r r i ed out by dividing the integral in Eq. (43) into tv7o par t s : 

u(0(x, 0) 4_FW 

4 F(°°) 

C'/̂ (x'- Q 

TTT •n 5 

4 F(°°) 

" X 
dC dC 

' X 

xC 1/5 1 -6 

dC 

20 F(c°) 
"7l{5X)'^5 

vifhich i s E q . (44). 

A 5 m - H ^ 5 m - ) - 4 4-- 5 m - H 
.m=o 
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VII, N O M E N C L A T U R E 

C h e a t c a p a c i t y a t c o n s t a n t p r e s s u r e p e r un i t m a s s , 
L y t ^ T . 

Cy h e a t c a p a c i t y a t c o n s t a n t v o l u m e p e r un i t m a s s , 

L y t ^ T . 

F(r ) ) z e r o t h - o r d e r v e l o c i t y funct ion, d i m e n s i o n l e s s . 

F(oo) a s y m p t o t i c va lue of F(r)) a t edge of b o u n d a r y l a y e r , 

d i m e n s i o n l e s s . 

F ' , F " , F ' " d e r i v a t i v e s of F('r)) w i th r e s p e c t to r), d i m e n s i o n l e s s . 

foo('n)' fm(''l) f i r s t - o r d e r v e l o c i t y func t ions , d i m e n s i o n l e s s . 

foo> foo' foo d e r i v a t i v e s of iggir)) w i th r e s p e c t to r), d i m e n s i o n l e s s . 

•^m' -^m' -̂ m d e r i v a t i v e s of imiv) w i th r e s p e c t to r), d i m e n s i o n l e s s . 

G d i m e n s i o n l e s s g r a v i t a t i o n a l a c c e l e r a t i o n def ined by 

Eq . (15) 
G r L modi f i ed G r a s h o f n u m b e r b a s e d on L, g/3L*q/kv^, 

d i m e n s i o n l e s s . 

G r * modi f i ed G r a s h o f n u m b e r b a s e d on x, g |Sx*q/kv^, 

d i m e n s i o n l e s s . 

g g r a v i t a t i o n a l a c c e l e r a t i o n , L / t^ . 

gi body f o r c e v e c t o r p e r uni t m a s s , L / t^ . 

i yr . 

ijj i n d i c e s . 

k t h e r m a l conduc t iv i ty , M L / I ^ T . 

L v e r t i c a l l eng th of p l a t e , L. 

m s u b s c r i p t for 0 , 1 , 2 , . . . . 

0 ( ) o r d e r of m a g n i t u d e , 

P d i m e n s i o n l e s s p r e s s u r e def ined by Eq , (15), 
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P(°) p ( 0 zeroth- and f i r s t -o rde r p r e s su re of P , dimensionless, 

P x , P Y a p / S x , S P / S Y . 

P r Prandt l number, v/a, dimensionless. 

p p r e s s u r e , M/Lt^. 

n static p r e s s u r e of undisturbed environment, M/Lt^. 
iroo 

qj heat flux vector , M/t^. 

q surface heat flux, M/t^. 

S 0.864806 . . . . 

T absolute t empera ture , T. 

T surface tempera ture of plate, T. 

T bulk tempera ture of undisturbed environment, T. 
00 ^ 

X* reference tempera ture , T. 

t t ime, t. 

U ver t ica l component of dimensionless velocity, 
Lu/vGr*^'^^ 

u(o)_ -u(i) zero th- and f i r s t -o rde r velocity of U, dimensionless. 

Ue ver t ica l velocity at edge of boundary layer, 
dimen s ionle s s. 

u(i) f i r s t -o rde r velocity of Ug, dimensionless. 

U velocity U in potential-flow field, dimensionless. 

-̂  ver t ica l velocity component, -̂y-, L/ t , 

u dimensionless vert ical velocity component, f^. 

Y • horizontal component of dimensionless velocity, 
Lv/vGr*^^^^ 

y(o)_ y(i) zero th- and f i r s t -o rde r velocity of V, dimensionless. 
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V g h o r i z o n t a l v e l o c i t y a t e d g e of b o u n d a r y l a y e r , 

d i m e n s i o n l e s s . 

V^^' f i r s t - o r d e r v e l o c i t y of V g , d i m e n s i o n l e s s . 

V p v e l o c i t y V i n p o t e n t i a l - f l o w f i e l d , d i m e n s i o n l e s s . 

<\yj^ v e l o c i t y v e c t o r , L / t . 

•V horizontal velocity component, - tp.^, L/t. 

V dimensionless horizontal velocity component, - f^. 

V volume per unit mass, L/M. 

X transformed dimensionless vertical coordinate de­

fined by Eq. (17). 

X vertical coordinate, L. 

X dimensionless vertical coordinate, X/L. 

V transformed dimensionless horizontal coordinate de-

.fined by Eq. (17). 

y horizontal coordinate, L, 

y dimensionless horizontal coordinate, y/L, 

z complex number, X -6 iy. 

a thermal diffusivity, k/c p, L^t, 

P thermal coefficient of volumetric expansion, - (l/p) 

(Sp/ST)p, I / T . 

|3 * |3 at reference temperature, I / T . 

e constant parameter in series expansion, Gr-̂ "̂ ^ ,̂ 

dimensionless. 

t, dummy variable for integration, dimensionless. 

T) similarity variable, Y/(5X)'''= or (y/x)(Gr^5)i/=, 

dimensionless, 
9 dimensionless temperature defined by Eq. (15). 
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8- , 9(') zeroth- and first-order temperature of 0, 
dimensionless. 

®x' ®Y' 9xx' • • • Se/Sx, ae/dY, S^e/ax^ . . . . 

9(j(,(r)), S J ^ ( T ] ) f i r s t - o r d e r t e m p e r a t u r e func t ions , d i m e n s i o n l e s s . 

e^u, SJ'Q d e r i v a t i v e s of 0oo(''l) w i th r e s p e c t to T], d i m e n s i o n l e s s . 

^ m ' ^ m d e r i v a t i v e s of 9rn(' 'l) w i t h r e s p e c t to T], d i m e n s i o n l e s s . 

\fl viscosity, M/Lt. 

V kinematic viscosity, n/p, Lyt. 

TT 3.14159 . . . . 

p density, M/L^. 

p* p at reference temperature, M/L^. 

stress tensor, M/t L. 

viscous dissipation function, l/t . 

(p{n) zeroth-order temperature function, dimensionless. 

01, 0" derivatives of 0(r)) with respect to T), dimensionless. 

dimensionless function defined by Eq. (17). 

zeroth- and first-order Y, dimensionless. 

S¥/sx, SY/SY, s^T/sxaY, . . . . 

stream function, Lyt. 

dimensionless stream function defined by Eq. (15). 

covariant differentiation. 

n 
' v 

y 

^(o) 

^x. 

f 

TpX, 

f 

, ^(0 

Y y . "P 

^ U 

XY 
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